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Abstract
The geothermal energy sector continues to develop dynamically in the world. Within this work, preliminary feasibilities of dif-
ferent geothermal applications were presented for the Lower Cretaceous formations for wider geothermal uses’ development 
in the Mogilno–Lodz trough, Central Poland. The Lower Cretaceous formations are one of the most prospective geothermal 
reservoirs in Central Poland. Geothermal waters that occur within them are mostly of Na–Cl type and contain specific ele-
ments like I, Br or Fe. These are low-temperature geothermal resources together with highly variable mineralization, from 
0.4 to even more than 90 g/L. A simple estimation procedure for hydrogeological information, such as water and thermal 
conditions of the reservoir obtained from an archival chemical analysis and borehole temperature loggings was developed. 
The potential for geothermal applications was estimated for three zones of the Mogilno–Lodz trough. Possibilities of con-
junctive geothermal applications, such as space heating, balneotherapy and balneorecreation, mineral extraction, electricity 
production in binary systems and aquifer thermal energy storage were examined for the Lower Cretaceous formations.

Keywords Geothermal waters · The Lower Cretaceous aquifer · Low-temperature geothermal resources · Geothermal water 
applications · Renewable energy sources · Poland

Introduction

Geothermal resources are used worldwide in various ways. 
Different applications of geothermal water and energy in 
countries which have the biggest installed thermal capacity 
for direct use are shown in Table 1. All the listed coun-
tries also use geothermal source heat pumps installations, 
known as GSHP installations. GSHP installations have an 
important share in total thermal capacity for each country, 

having mostly the biggest or even the only share (Finland) 
among different geothermal applications. Heat pumps con-
stitute more than 70% of the installed capacity and more 
than 55% of the annual energy use (Lund and Boyd 2016). 
The traditional direct geothermal applications such as bath-
ing, (space or district) heating and agricultural or farming 
applications also play an important role in the use of geo-
thermal resources. Apart from direct applications, there has 
been a growing interest in electricity production, especially 
in binary systems. More than a half of the newly installed 
plants in the last few years have been binary systems (Ber-
tani 2016).

In Poland, geothermal energy uses are mostly for heating, 
bathing and swimming purposes, but the installed thermal 
capacity is lower than 500  MWt (Lund and Boyd 2016). In 
several publications, the Mogilno–Lodz trough is considered 
a potential area for geothermal uses, especially for heating 
purposes (Bojarski et al. 1976; Gorecki 1995; Gorecki et al. 
2006, 2015; Dowgiallo 2012; Dowgiallo et al. 2007). The 
most favourable formations are Lower Jurassic and Lower 
Cretaceous. Geothermal waters are currently used in some 
localities for heating, balneotherapeutical (Kepinska 2015, 
2018) and recreational purposes (Halaj 2015). Generally, 

This article is part of the special issue on Sustainable Resource 
Management: Aqua.

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s4089 9-018-0284-y) contains 
supplementary material, which is available to authorized users.

 * Elzbieta Halaj 
 ehalaj@agh.edu.pl

1 AGH University of Science and Technology, Mickiewicza 30 
Ave., 30-059 Kraków, Poland

2 Mineral and Energy Economy Research Institute, Polish 
Academy of Sciences, Wybickiego 7A Str., 31-261 Kraków, 
Poland

http://orcid.org/0000-0002-2411-3865
http://crossmark.crossref.org/dialog/?doi=10.1007/s40899-018-0284-y&domain=pdf
https://doi.org/10.1007/s40899-018-0284-y


1480 Sustainable Water Resources Management (2019) 5:1479–1494

1 3

it is also possible to use geothermal energy by applying 
groundwater heat pumps (Lo Russo et al. 2011; Lo Russo 
and Civita 2009) or ground source heat pumps (GSHP) (Luo 
et al. 2015), Enhanced Geothermal System (EGS) (Sowiz-
dzal 2016) or to produce electricity using binary schemes 
(Wisniewski et al. 2011). Specifically, in the Mogilno–Lodz 
trough area, apart from bathing purposes, some new loca-
tions for geothermal space heating were considered as well 
as aquifer thermal energy storage (ATES), which was con-
sidered for one city in the area (Kepinska et al. 2017).

Currently, there are two geothermal centres in the study 
area which use geothermal waters from the Lower Creta-
ceous formations. The centres in Uniejow and Poddebice 
were commissioned in 2008 and 2013, respectively. The 
centre in Uniejow uses water from the depth of ca. 2000 m. 
Its temperature is 68 °C, while water mineralization is ca. 
6–8 g/L. It is of Na–Cl type (Halaj 2015). Geothermal water 
is used for various purposes, including district heating, bal-
neorecreational swimming pools and a geothermal health 
resort. In the centre in Poddebice, water is also exploited 
from the depth of ca. 2000 m, but its mineralization is very 
low: only 0.4 g/L, while the temperature is 71 °C (Kepinska 
et al. 2017). Geothermal water in Poddebice is used for heat-
ing purposes, in swimming pools and balneological treat-
ment and it supplies a water drinking bar. There are recent 
plans to use geothermal water in a nearby zoo safari.

The aim of this work is to indicate the following possi-
bilities and to determine the most prospective applications 
for the regions (zones) of the Mogilno–Lodz trough in the 
Lower Cretaceous formations, after comparing hydrogeolog-
ical conditions (chemical parameters and thermal parameters 
of waters and of the reservoir). Similar analyses have been 
done previously for underlaying layers—the Lower Jurassic 
formations (Halaj 2018).

The depth of the Lower Cretaceous formations varies 
greatly. The temperature of a geothermal reservoir and 
water, which generally increases with depth according to 
a geothermal gradient, varies, respectively. Moreover, geo-
logical conditions, such as rocks’ type, time of rock–water 
interaction or presence of salt structures can affect water 
parameters, i.e., mineralization or type of water, etc. It can 
be expected that waters of the Lower Cretaceous formations 
have different parameters, which make the Mogilno–Lodz 
trough a very good location for comprehensive use of geo-
thermal water resources.

In this work, hydrogeological conditions are analysed and 
referred to the initial conditions, which should be taken into 
account while considering rational and sustainable use of 
several geothermal technologies. These initial conditions 
for direct use, aquifer thermal energy storage and miner-
als’ extraction are temperature limits of water or medium, 
which determine the amount of obtained energy, minimum 

Table 1  Top ten countries in terms of installed thermal capacity and main applications of geothermal energy (based on Lund and Boyd 2016; 
Bertani 2016)

The countries are listed in a decreasing order of the installed thermal capacity
GSHP geothermal source heat pumps, ATES aquifer thermal energy storage, BTES borehole thermal energy storage
a Electricity production disregarded

Country Installed thermal 
capacity for direct  usea 
 (MWt)

Applications of geothermal energy in a given country

China 17,870.00 GSHP, district heating, bathing and medical treatment, aquaculture facilities, industrial process heat, 
greenhouse heating, agricultural drying, electricity production

USA 17,415.91 GSHP, electricity production, fish farming, individual space heating, bathing and swimming, greenhouse 
heating, district heating, agricultural drying, industrial process heating, snow melting, air conditioning

Sweden 5600.00 GSHP, GSHP to district heating, ATES, BTES
Turkey 2886.30 Bathing and swimming, district heating, greenhouse heating, individual space heating, electricity produc-

tion, GSHP, agricultural drying
Germany 2848.60 GSHP, district heating, bathing and swimming, electricity production (only binary installations), indi-

vidual space heating
France 2346.90 GSHP, district heating, fish farming, bathing and swimming, electricity production, individual space 

heating, greenhouse heating
Japan 2186.17 Bathing and swimming, electricity production, snow melting, GSHP, space heating, air conditioning, 

greenhouse heating, fish farming, industrial applications
Iceland 2040.00 District heating, electricity production, snow melting, bathing and swimming, fish farming, industrial 

process heat, greenhouse heating, GSHP
Switzerland 1733.08 GSHP (including geostructures, deep aquifers, tunnel water, etc.), bathing and swimming, fish farming, 

district heating
Finland 1560.00 GSHP
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or maximum mineralization of water, which can affect tran-
sition system elements or determine if the water can be used 
directly or if there are minerals in amounts high enough to 
be cost-effectively extracted. To assess a geothermal poten-
tial for binary systems, the Underground Closed Geothermic 
Heat Exchanger technology is proposed. Several technical 
conditions for binary systems technology, such as the type 
and amount of working fluid or efficiency, are provided. To 
assess the regional ATES potential for the Mogilno–Lodz 
trough, parameters of water flow and reservoir dimensions 
are considered.

Geological and hydrogeological settings

The Mogilno–Lodz trough is located in Central Poland. 
The boundary of the trough is the study area boundary. It is 
defined by the bottom of the Lower Cretaceous formations. 
The area is ca. 20,000 m2. The area of the Mogilno–Lodz 
trough is shown in Fig. 1.

The Mogilno–Lodz trough is a structural unit (a synclinal 
structure, Fig. 2). The trough is located in Central Poland. 
It is formed by Triassic to Quaternary sediments. It is one 
of similar structures in the Polish Lowlands. The structure 
is asymmetric and founded on an epivariscan graben in the 
NW–SE direction. Alpine orogeny movements led to fault-
ing of the trough area and created a number of grabens and 
horsts (Dadlez et al. 2000b; Dadlez 2001).

The thickness and the tectonic structure of the Lower 
Cretaceous section is affected by saline tectonics, such as 
other Mesozoic formations in the area. The top of the Lower 
Cretaceous formations is located at depths from 0 m up to 
2300 m. The Lower Cretaceous formations are composed 
mostly of permeable rocks, which are of 60–80% of the 
profile. The total thickness of water-bearing sediments dif-
fers according to the trough ranges between less than 25 m 
along the western part and 250 m along the eastern edges 
of the trough (Gorecki et al. 2006). The depth at which the 
Lower Cretaceous formations are located controls the res-
ervoir temperature. The sedimentary sequence in the Lower 

Fig. 1  Study area and location 
of analysed wells on the geo-
logical map (based on Dadlez 
et al. 2000a)



1482 Sustainable Water Resources Management (2019) 5:1479–1494

1 3

Cretaceous in the region is composed mainly of alternating 
complexes of sandstones, conglomerates, mudstones, clay-
stones, marls and limestones. The Lower Cretaceous aquifer 
is of porous-fractured type and is composed of sediments, 
where sand, sandy carbonates and occasionally sandy mud-
stones predominate. Their effective porosity ranges from 3 
to 45%, mostly 15–25% (Gorecki 2006). They are interbed-
ded with discontinuous series of semipermeable and imper-
meable formations (claystones and mudstones). Hydraulic 
conductivity of an underlying Jurassic aquifer and cracked 
Upper Cretaceous beds determines the recharge of the 
Lower Cretaceous aquifer. In the area, there is an increased 
value of hydraulic conductivity ranging from 4 × 10 −4 to 
200 × 10 −5 m2/s. Geothermal waters are under artesian pres-
sure. For example, well no. 40 in Poddebice has water static 
table 26 m above ground level (Kepinska et al. 2017).

The main factor triggering formation of the present struc-
ture of the Permian–Mesozoic complex was vertical block 
movements of the pre-Zechstein bedrock (Palaeozoic forma-
tions), followed by deformations resulting from movements 
of the Zechstein (Upper Permian) mass of salt (Gorecki et al. 
2006). There are numerous salt structures, which penetrate 
partially or completely the Mesozoic formations. These 
structures occur mainly in the northeastern and in the north-
ern part of the trough and continue to the east. Salt structures 
have an impact on water type and its chemical composition. 
And an anomalous heat flow occurrence is observed over 
salt domes (Petersen and Lerche 1995).

Materials and methods

To find the conditions of the Lower Cretaceous formations, 
archival data from 150 wells from the Mogilno–Lodz trough 
were analysed. Sample-related data is based on archival data 

(drillings documentation, chemical analyses, temperature 
loggings) collected from the National Geological Archives, 
the Archives of Department of Fossil Fuels, AGH University 
of Science of Technology and Archives of Geotermia Pod-
debice Sp. z o. o. The samples were collected mostly dur-
ing drillings made in 1960s and 1970s. Many wells are 
nowadays abandoned. Wells analysed within this research 
are mostly deep drillings, excluding shallow wells less than 
200 m of depth. 40 wells with Lower Cretaceous sections, 
water occurrence, mineralization examination and at least 
major ion content were selected. The location of the selected 
wells is shown in Fig. 1. The wells were gathered into three 
groups/zones, according to their geographical distribu-
tion. They were named the Mogilno trough (located in the 
northwest of the trough), the Lodz trough (located in the 
southern part of the trough) and a transition zone (located 
in between). Apart from geographical distribution, samples 
from a particular zone may present similar parameters, such 
as the proportion of major ion content or water type, even a 
different mineralization level. The water samples from the 
archival analysis were taken from an interval of depth, thus, 
to compare samples, the depth of the top of the sampled 
interval is provided.

Geological examination of the area was carried out mostly 
during deep drillings in search of hydrocarbons. Therefore, 
geothermal or water parameters were not of the main interest 
and sometimes data is very limited. There are 14 wells with 
borehole temperature loggings. In three of them, there is no 
water examination data available. In the remaining wells, 
at least mineralization and major ion content are examined. 
The top of sampling intervals in the wells lies between 208 
and 2448 m below ground level.

One of the most important aspects is temperature. 
According to archival reports, borehole temperature log-
gings were done after several days of stopping drilling 

Fig. 2  Cross–section of the 
Mogilno–Lodz trough (without 
Quaternary formations) (Gore-
cki et al. 2006). Location of the 
cross-section line in Fig. 1
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or mud circulation to stabilize thermal conditions in the 
wells and their ambient rock formations. However, time 
passed since stopping drilling works or mud circulation 
might be in some cases too short to reach thermal equilib-
rium among the wells, ambient rock formations and aqui-
fers. Therefore, some temperature loggings were taken in 
quasi-stable thermal conditions (especially if mud losses 
or reservoir water inflows were recorded during or after 
drillings). Water temperatures available from archival data 
were measured at the outflow of the well or in the ceil-
ing of the sampled interval. Vertical changeability of the 
geothermal gradient in the Lower Cretaceous section was 
compared with the geothermal gradient calculated for the 
whole well and the average geothermal gradient for the 
Polish Lowlands (the principal geological unit for Lower 
Cretaceous).

The local geothermal gradient for the whole well length 
and for the Lower Cretaceous section was calculated 
according to the following formula (Plewa 1994):

where T1, T2—temperature in °C at h1 and h2 depths, h1, 
h2—depth in m.

Thermal data obtained from temperature loggings is 
available for 14 wells. The maximum depth of a single 
well is 3500 m. The registered temperatures for those wells 
range from dozens to over 135 °C. In two cases (wells 
no. 9 and 34), temperature loggings were done in unsta-
ble conditions, which was best visible in sections located 
below 1500 m. Such logs were not taken into calculations 
and are not shown. Another temperature profile does not 
include the Cretaceous layers, which are located much 
deeper. It was assumed that temperature at depths corre-
sponding to the Cretaceous layers is even higher than last 
temperature record value. In this case, only gradients for 
the whole curve were calculated.

The geothermal gradient value for curves with interval 
or discontinuous measurements was averaged according 
to the formula:

where G1,G2, …Gn—interval geothermal gradient values on 
the section of the thickness h1, h2, …, hn.

The highest values of the expected temperatures are 
considered in terms of electricity production in binary 
systems. For the best result, an Underground Closed Geo-
thermic Heat Exchanger on isobutane base (described 
by Kaczmarek 2011) was chosen. This method guaran-
tees electricity production at a very low temperature, i.e., 

(1)G = gradT =
T2 − T1

h2 − h1

,

(2)Gav. =
G1h1 + G2h2 +⋯ + G

n
H

n
∑n

i=1
h
i

,

80  °C. The application of 1 kg/s of working medium, 
80 °C of evaporation temperature and 30 °C of condensa-
tion temperature is considered. One of the lowest geother-
mal water temperatures used in binary systems is 73 °C 
in Chena Hot Springs, Alaska, USA (Taylor et al. 2013; 
Erkan et al. 2008; Lund 2006). That reference temperature 
has been compared with thermal conditions in the study 
area.

Electric power (Nel) was calculated according to the fol-
lowing formula (after Kaczmarek 2011):

where:

Thus, the following parameters are assumed: mass flux 
of working medium ( ṁ

n
 = 1 kg/s), internal turbine − set per-

formance (ηi = 0.75), mechanical performance (ηm = 0.97), 
electric generator performance (ηg = 0.96) and h1, h2s, h3, h4s 
(thermodynamic cycle points).

The most crucial parameters for balneotherapeutical and 
recreational use of geothermal water are water temperature 
and proper chemical composition, such as content of I, Fe 
and sometimes Br ions.

Some basic geological parameters, such as type and depth 
of the formation, water flow rate in the aquifer, reservoir 
thickness or temperature conditions, which determine the 
use of an aquifer as a heat accumulator, were set to evaluate 
the ATES potential. These parameters come mostly from the 
results of geothermal potential modelling made by Gorecki 
et al. (2006). Potential areas are shown rather than detailed 
analyses for specific locations. Only general possibilities 
of use have been shown, which should be verified in detail 
before starting any investment. The obtained results can 
point to the way in which geothermal resources in the area 
should be used in a sustainable way as well as where to 
expect waters suitable for specific and the most popular uses.

Results

Hydrogeological and hydrogeochemical parameters

According to the analysis of archival data, in the area of 
the Mogilno–Lodz trough, in the Lower Cretaceous forma-
tions, waters are mostly of the Na–Cl type. The main type 
of waters and their mineralization, as well as the depth of 
the top of the sampled interval are presented in Table 2. 
Wells are listed in increasing depths of the top of the sam-
pled interval in each zone. The mineralization of waters 
ranges from 0.2 to 100.8 g/L. The lowest mineralization 
values occurred in the Lodz Zone. The mineralization is 
low, these are fresh waters and their mineralization does not 

(3)Nel = NCR�i�m�g,

(4)NCR = ṁn[(h1 − h2s) − (h4s − h3)].
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exceed 0.5 g/L. It is interesting, that such low mineralization 
occurred at great depth, even to ca. 1600 m (e.g., well no. 
19). Waters from Lodz trough are Na–(Ca)–HCO3 waters, 
which distinguishes them from waters from other zones. The 
mineralization of the Mogilno trough and the transition zone 
(northern and central part of the trough) is higher than min-
eralization in the Lodz trough. In the Mogilno trough and 
the transition zone, waters of Na–Cl type prevail. Only in 
samples with mineralization of ca. 2 g/L, waters differ and 
are of Na–(Ca)–(Cl)–HCO3 type.

No clear vertical distribution of water mineralization is 
noticeable. Waters with the highest mineralization (over 
90 g/L) occur at the deepest depths exceeding ca. 2000 m. 
Generally, mineralization increases with depth, but numer-
ous exceptions can be observed. One example may be an 
unexpectedly low mineralization of water (0.4 g/L) extracted 
from the depth of ca. 2000 m (well no. 40).

Figure 3 presents vertical distribution of water miner-
alization in different zones. There are waters from greater 
depths that still have low mineralization. For example, 
waters with mineralization up to 5 g/L occurred at depth of 
even 2000 m in the Lodz trough and in the transition zone.

All samples from the southern part of the area have min-
eralization below 0.5 g/L. The central part of the trough area 
(the transition zone) is characterized by significant differ-
ences in mineralization, ranging between 0.4 and 94.7 g/L, 
and the samples come from depths of 1200–2400 m. Only in 
the northern part of the trough (the Mogilno trough), water 
mineralization increases proportionally to depth in the range 
of 1.1–100.8 g/L at depths of 200–2400 m.

The mineralization of the sample from the transition 
zone mentioned before is unexpectedly low and it amounts 
to 0.4 g/L, despite coming from the depth of 1967 m. The 
samples from adjacent areas and from similar depths show 
certainly higher mineralization values, usually more than 
7 g/L. This sample has a high temperature of 71 °C and a 

Table 2  Hydrochemical parameters of waters from the Lower Creta-
ceous formations in the Mogilno–Lodz trough

Wells in the table are listed according to an increasing depth of the 
top of the sampled interval in each zone: MT Mogilno trough, LT 
Lodz trough, TZ transition zone. Well ID according to Fig. 1

Well ID Depth of the top 
of the sampled 
interval (m bgl)

Miner-
alization 
(g/L)

Water type Zone

6 208 2.2 Na–Cl–HCO3 MT
22 278 1.9 Na–Ca–Cl MT
14 295 1.1 Na–Cl MT
33 407 3.4 Na–Cl MT
21 518 1.8 Na–Cl MT
11 635 35.0 Na–Cl MT
18 714 37.8 Na–Cl MT
13 717 11.8 Na–Cl MT
8 825 5.3 Na–Cl MT
4 910 41.0 Na–Cl MT
20 1037 26.1 Na–Cl MT
20 1120 34.4 Na–Cl MT
12 1150 29.4 Na–Cl MT
20 1235 35.4 Na–Cl MT
24 1295 37.1 Na–Cl MT
25 1310 n/a Na–Cl MT
20 1324 32.0 Na–Cl MT
5 2060 100.8 Na–Cl MT
23 2386 93.5 Na–Cl MT
37 2448 93.0 Na–Cl MT
28 1215 3.0 Na–Cl TZ
27 1356 11.0 Na–Cl TZ
30 1719 21.0 n/a TZ
10 1728 2.2 Na–Cl–HCO3 TZ
17 1751 9.1 Na–Cl TZ
9 1773 7.6 Na–Cl TZ
10 1865 2.1 Na–Cl TZ
32 1898 6.8 Na–Cl TZ
31 1918 7.4 Na–Cl TZ
36 1927 9.2 Na–Cl TZ
40 1967 0.4 Na–Ca–HCO3 TZ
26 1996 90.0 Na–Cl TZ
16 2110 74.2 Na–Cl TZ
15 2150 25.1 Na–Cl TZ
1 2182 57.8 Na–Cl TZ
7 2438 94.7 Na–Cl TZ
3 538 0.5 Na–Ca–HCO3 LT
2 582 0.3 Na–Ca–HCO3–

SO4

LT

29 760 0.2 Ca–Na–HCO3 LT
34 1478 0.4 Ca–Na–HCO3 LT
19 1607 0.4 Na–Ca–HCO3 LT

Fig. 3  Dependence between water mineralization from the Lower 
Cretaceous formations and depth of the top of the sampled interval 
(green—the Mogilno trough, yellow—the transition zone, blue—the 
Lodz trough)
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unique water type in comparison to other samples. It is of 
Na–Ca–HCO3 water type. Adjacent samples are all of the 
Na–Cl type. From the hydrogeological point of view, this 
sample is more likely to belong to the Lodz trough, where 
all samples are of Na–Ca–HCO3 or Ca–Na–HCO3 type. It 
is possible, that there is a lateral flow of water of a different 
type to the well.

Water from this sample is used in a geothermal heating 
plant commissioned in 2013 and a geothermal swimming 
pool. The water was expected to have much higher miner-
alization of about 8–13 g/L (Kepinska et al. 2017), but a 
pumping test made after drillings showed much lower min-
eralization. The present and the future geothermal water use 
from the well may become one of the model solutions for 
sustainable geothermal water use in Poland.

The Schoeller’s diagram (Schoeller 1962) shows the con-
tent of main ions from all considered zones (Fig. 4). Waters 
from the transition zone (Fig. 4b) demonstrate similar char-
acteristics. The notable exception is the above-mentioned 
sample, detached from other samples and marked with red 
in the diagram. In the Mogilno trough (Fig. 4a), greater dif-
ferences of major ions can be observed; however, waters 
demonstrate peaks of cations similar to the transition zone 
(Fig. 4b). In both zones, waters have similar chemical char-
acteristics, with Na > Ca > Mg and Cl > SO4 > HCO3 in the 
Mogilno trough and Cl > HCO3 > SO4 in the transition zone. 
Waters from the Lodz trough (Fig. 4c) have completely dif-
ferent characteristics of major ions. Waters from the Mogilno 
trough and the transition zone are chloride waters, while 
waters in the Lodz trough are bicarbonate waters.

Specific elements

Waters from the Lower Cretaceous formations contain ele-
ments, which could be used for balneoterpeutic purposes, 
namely iron (Fe), iodine (I) and bromine (Br). The minimum 
ion content is shown in Table 3. The content of the elements 
higher than the minimum limit allow waters to be called fer-
ruginous waters and iodide waters, respectively, and, what is 
more important, they can be called medicinal (therapeutic) 
waters (Dz.U.2018.605). In case of bromine, the content 
from the previous legislation is given. It is presented only for 
information purposes. Currently, bromine is excluded from 
the Polish law, because of the Recommendation of the Pol-
ish Association of Balneology and Physical Medicine which 
states that water may not have a therapeutic effect in a given 
concentration (Polish Association of Balneology and Physi-
cal Medicine 2016). There is no maximum concentration for 
those elements given in the Decree of the Ministry of Health 
(Dz.U.2018.605). The content of Fe, I and Br ions and their 
depth of occurrence is shown in Fig. 5. Not all of the avail-
able samples were examined for Fe, I and Br contents.

Fig. 4  Semi-logarithmic Schoeller’s diagrams of waters from the three 
zones: the Mogilno trough  (a), the Lodz trough  (c) and the transition 
zone (b). Concentration of ions is expressed in meq/L
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The iron (Fe) ion content is, in most cases, low and does 
not exceed the limit of 10 mg/L. Higher values occur in the 
transition zone, where waters can be of medicinal relevance. 
The content of iron ions which may have therapeutic use 
ranges mostly from 16 to 26 mg/L, and 120 mg/L in one 
deep well, where water comes from ca. 2200 m.

In the area of the Lodz trough, iodine (I) is not present 
(0 mg/L). In the area of the Mogilno trough and the tran-
sition zone, iodine ions content is above the legal limits. 
Therefore, a great number of waters might be called iodide 
waters, and depending on other parameters, they can be 
used in medicine. In the Mogilno trough area, the content 
of iodides increases proportionately to depth. Content vari-
ations are very small. The samples’ depth ranges from 900 
to 2500 m, while iodine ions’ content ranges from 1.5 to 
3.6 mg/L. In the transition zone area, where waters come 
from greater depths, 3–12.8 mg/L of iodine ions are noted 
at depths of 2100–2400 m.

There is only one sample of Br from the area of the Lodz 
trough, but with a shortage of bromine ions. Other sam-
ples from the Mogilno trough and the transition zone often 
exceed the bromine lower limit of 5 mg/L. The content of 
bromine ions over the limit ranges from 6.6 to 86 mg/L, 
and samples come from different depths of 400–2448 m. 
In the transition zone, bromide occurs deeper, at depths of 
1700–2200 m. Nevertheless, its content is lower. Close to 
the limit, the content of bromine ions ranges from 5.36 to 
45 mg/L.

Thermal parameters

Data from borehole temperature loggings of the Lower 
Cretaceous formations come from depths of 137–2647 m. 
Registered temperatures in the Lower Cretaceous forma-
tions range from 17.9 to 82.9 °C. The highest temperature of 
82.9 °C was registered at the depth of 2435 m. The diagram 
of temperature profiles, drawn from archival geophysical 

data is shown in Fig.  6, under quasi-stable conditions 
assumed. The highest temperature occurred in the deepest 
zones, particularly in the Mogilno trough and the transition 
zone.

An average geothermal gradient for the Polish Low-
lands (the principal unit for the Mogilno–Lodz trough) is 
2.5 °C/100 m (Szewczyk and Hajto 2006). The local geo-
thermal gradient (Table 4) is calculated according to (1) and 

Table 3  Selected medicinal specific components in waters for treat-
ment purposes (Decree of the Ministry of Health, Dz.U.2018.605)

Concentration of components for the Mogilno-Lodz trough provided 
in bold
a According to the former law (Polish Association of Balneology and 
Physical Medicine 2016)

Medicinal specific component Minimum concen-
tration level (mg/L)

Iodide 1
Sulphides 1
Fluorides 2
Iron 10
Bromidea 5

Fig. 5  Relationship between the concentration of balneotherapy-
related ions (Fe, I, Br) and depth. The red line shows the minimum 
concentration of elements for balneotherapeutical purposes (accord-
ing to the Decree of the Ministry of Health, Dz.U.2018.605 and the 
Polish Association of Balneology and Physical Medicine 2016). 
Colours: green—the Mogilno trough, yellow—the transition zone, 
blue—the Lodz trough
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(2) formula. The local geothermal gradient of the Lower 
Cretaceous formations ranges from 1.8 to 3.2 °C/100 m, 
with 2.5/100 m average. In some cases, this gradient is 
higher than the gradient for the whole curve. An average 
gradient for the curves is 2.8 °C/100 m. The highest value of 
the geothermal gradient is 3.2 °C/100 m (in two wells from 
the Mogilno trough and the transition zone) and it is most 
probably connected to salt domes.

In case of geothermal water, the highest temperature is 
most desirable, also when considering cascaded systems. 
However, as water temperature rises, which is commonly 
related to an increase in depth, mineralization rises as well. 
Figure 7 shows the relation between mineralization and 
water temperature.

In the transition zone, temperature at the outflow is the 
highest and mineralization is low at the same time (apart 
from one sample). Temperature is 40–70 °C, respectively, 
and mineralization is mostly 0.5–10 (max. 20 and 95) g/L. 
The samples from the Mogilno trough demonstrate rather 
unfavourable conditions. The samples are distributed into 
two groups: one group with mineralization of 26–35 g/L and 
temperature of 25–29 °C, and the other group with very 
high mineralization and temperature: ca. 93–100 g/L and 
50–70 °C, respectively. In case of the Lodz trough, there is 
only one sample with temperature measured at the outflow, 
but having not favourable parameters: low mineralization, 
accompanied by low temperature of ca. 25 °C.

All samples were divided according to their geographi-
cal location. In a part of the diagram with the highest tem-
perature and mineralization shown in Fig. 7, there are three 
samples from the Mogilno trough and one from the transi-
tion zone. All samples come from the depth of more than 
2000 m. After the analysis conducted, we know that despite 
the sample (a circle with a green border) coming from a 
remote part of the transition zone, it has similar chemical 
composition, water type and a mineralization level to the 
samples from the Mogilno trough (cf. Fig. 4). This sam-
ple is from well no. 7 (cf. Table 2). This may be caused 
by influence of salt structures located in the area and/or by 
faults thanks to which water with higher mineralization is 
transported.

From a hydrochemical point of view, the sample can be 
classified as a Mogilno trough sample. However, it is impor-
tant to remember about a possibility that there are waters 
with different parameters in the area.

Similarly, the sample from well no. 40 (a circle with a 
blue border) has water type and mineralization which is 
more similar to samples from the Lodz trough than the tran-
sition zone (cf. Fig. 4). It can be also classified to the Lodz 
trough from a hydrochemical point of view.

If we allocate the samples to the zones according to 
their water mineralization values and types, the correlation 
of water temperature and mineralization diagram is as in 
Fig. 7 (allocated samples marked with a circle). According 
to Fig. 7, the best conditions for geothermal water exploita-
tion are in the transition zone. Waters temperature in com-
parison to their mineralization is growing faster in the transi-
tion zone than in the Mogilno trough and the water is much 
less mineralized there.

Discussion

The collected data were analysed in terms of mineralization, 
main components, water type and reservoir temperature. The 
changeability and relation of several parameters (minerali-
zation, thermal parameters, specific components content) 

Fig. 6  Relationship between temperature records and the depth of 
the sampled interval separated into three zones of the Mogilno–Lodz 
trough with a specific reference to the Lower Cretaceous formations. 
Data from archival borehole temperature loggings in the area of 
Mogilno–Lodz trough. Well numbers according to Fig. 1
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with the depth of a sampled interval was analysed. Chemi-
cal components have been considered mainly in terms of 
using geothermal waters in balneotherapy and recreation, as 
well as for heating purposes. In case of balneotherapeutical 
purposes, the content of some specific components (Fe, I, 
Br) was also considered.

According to Axelsson (2010), there are two sustainable 
geothermal energy uses: sustainable geothermal production, 
concerning maintaining production from a single system and 

sustainable geothermal use, involving integrated economic, 
social and environmental development. A recharge and 
discharge balance, overproduction and a cold-front break-
through are discussed in several papers (Szanyi and Kovács 
2010; Axelsson 2010; Buday et al. 2015). Another issue is 
to maximize utilisation of available resources, which should 
be considered in the study area.

Direct applications of geothermal energy is the most 
versatile form of using geothermal energy of low enthalpy 
(Rubio-Maya et al. 2015). The best way to maximize the 
use of medium or low enthalpy geothermal resources is to 
use them in cascades for direct use and, if possible, electric-
ity production. The concept of cascade use is harnessing of 
geothermal heat at different thermal levels in sequential pro-
cesses. The cascade system can include electricity produc-
tion or thermal uses only (Rubio-Maya et al. 2015). Another 
example may be multiple use of geothermal energy or heat 
storage for increasing the efficiency of heating or for better 
incorporation of renewable energy sources, which are very 
variable.

According to the results of this work in the area of the 
Mogilno–Lodz trough in the Lower Cretaceous formations, 
there are low enthalpy geothermal conditions and varied 
mineralization of water. Some proposed applications for 
the respective trough zones are presented. After a detailed 
analysis, these applications can be implemented in cascaded 
systems, sequentially, parallelly or autonomously.

Table 4  Geothermal gradient values calculated on the basis of temperature profiles for the Lower Cretaceous sections based on formula (1) and 
(2) assuming the conduction of heat transfer

Well numbers according to Fig. 1
n/a not available

Well ID Depth of the top of the Lower 
Cretaceous formation (m bsl)

Temperature logging result at 
the top of the formation (°C)

Local geothermal gradient 
(gradT) for the whole well 
(°C/100 m)

Local geothermal gradient (gradT) 
in Lower Cretaceous formations 
(°C/100 m)

1 2181.5 77.35 2.9 2.2
4 916.5 43.00 2.8 3.2
7 2435.0 75.90 2.8 1.9
9 1776.0 46.54 3.0 n/a
15 1960.5 61.66 2.8 2.8
20 1037.5 42.66 2.3 2.5
23 2388.0 > 67.56 2.9 n/a
32 1897.1 62.19 3.0 3.2
33 390.0 23.15 3.2 2.3
34 1478.0 26.88 2.2 2.1
35 1104.0 50.99 2.0 n/a
37 2422.5 66.50 2.8 2.9
38 137.0 17.90 3.4 1.8
39 785.0 44.06 3.2 2.3

Average 2.8 2.5

y = 0.546x + 8.7532
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Fig. 7  Correlation of water temperature at the outflow and water min-
eralization in the sampled interval. All waters samples were taken 
from the Lower Cretaceous formations of the Mogilno–Lodz trough 
(green—the Mogilno trough, yellow—the transition zone, blue—the 
Lodz trough, circles – allocated samples)
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Space heating

Space heating is one of the most popular direct applica-
tions of geothermal resources. The earliest known com-
mercial use in district heating was in Chaudes-Aigues 
Cantal, France in the14th century. Space heating is domi-
nated by district heating systems (Bloomquist 2003). Total 
installed capacity of space heating is 7602  MWt, which is 
36.8% of the worldwide capacity of geothermal direct use 
(excluding heat pumps). The annual energy for space heat-
ing is 88.7 TJ/year, which is 33.6% of the total energy used 
(excluding heat pumps) and is constantly growing (Lund 
and Boyd 2016). Among ca. 5000 district heating systems 
in Europe, 250 of them use geothermal energy. Moreo-
ver, over 25% of the EU population live in areas where 
geothermal district heating can be provided (Sayegh et al. 
2017). Poland’s contribution to supplying the district heat-
ing system is 41%, which is the eighth place among Euro-
pean countries (Sayegh et al. 2017). According to Lund 
et al. (2014), a new trend is to integrate renewable energy 
sources into thermal grids and provide low-temperature 
distribution water (30–70 °C), called as the fourth genera-
tion district heating (4GDH). In 2017 in Poland, the total 
installed geothermal capacity of space heating was ca. 76 
 MWt, while the annual geothermal energy production was 
868 TJ/year (Kepinska 2018).

Using geothermal energy for heating makes it necessary 
to analyse not only geological or reservoir factors, but also 
some technical aspects such as a possibility of construct-
ing or using the already existing district heating network 
infrastructure for geothermal heating or designing proper 
low supply/return temperature. For instance, there are some 
cities in Poland that have a district heating network (geoDH), 
but in the Mogilno–Lodz trough area, only two are geother-
mally supplied. Alternatively, if a heating network is not 
applicable in a given city, some big customers should be 
considered to use geothermal energy for space heating. The 
most popular heating supply/return temperatures in Poland 
are (in °C): 90/70 and, preferably, 60/45 or even 35/28. 
Heating efficiency increases in buildings which are prop-
erly thermo-modernized and it makes possible to decrease 
a supply temperature within the building.

Examples of geothermal waters sources and tempera-
tures are given by Glassley (2010). Sources of more than 
65 °C desirable for (small) geothermal systems supplying 
geothermal water directly to consumers or heat exchangers 
are needed (e.g., Poland).

In case of the Lower Cretaceous formations, according to 
Fig. 6, the minimum temperature of ca. 65 °C is expected at 
depths of ca. 1500 m, especially in the area of the Mogilno 
trough and the transition zone. Waters with temperatures 
higher than 65 °C can have high mineralization (cf. Fig. 7.). 
This concerns especially waters from the Mogilno trough, 

where mineralization of proper waters is ca. 100 g/L. The 
best conditions for heating purposes can be found in the 
transition zone, where waters of temperature > 65 °C have 
a lower mineralization level, in the range of 0.4–ca. 25 g/L.

Balneotherapy and balneorecreation

Using geothermal waters for treatment has a long history. 
Geothermal water was used for bathing since the dawn of 
civilization in many parts of the world (Fridleifsson 2001). 
Geothermal water was used for bathing and curing of dis-
eases by people for many thousands of years, e.g., in Asia 
(about 5000 years ago) or by Greeks, Romans and Turks 
in Europe (Lund 2005). There were many spas in Europe 
established by Romans. In some countries, like Hungary, 
geothermal spas are popular tourist attractions (Toth et al. 
2015). Nowadays, people visit spas to improve their health 
and appearance, to get away from stress, work, and to refresh 
and revitalize both their body and mind (Lund 2005).

Bathing and swimming have the biggest share in direct 
use of geothermal energy. They are provided in many coun-
tries of the world. The total capacity of bathing and swim-
ming worldwide is 9143  MWt, while use is 119,611 TJ/
year. This is 44.33% and 45%, respectively (Lund and Boyd 
2016). In Poland, installed capacity for bathing and swim-
ming purposes was estimated to be 10.34  MWt and annual 
energy use was 100.4 TJ/year (Kepinska 2015).

Geothermal waters used for bathing and medicinal pur-
poses must satisfy certain standards (qualitative, hygienic, 
etc.). Besides, waters should satisfy appropriate conditions 
relating to temperature, mineralization and contents of cer-
tain chemical elements (specific elements). Suitability of 
natural waters from the Mogilno–Lodz trough for medicinal 
and recreational purposes is estimated based on Kochan-
ski (2002) and legal regulations (Decree of the Ministry of 

Fig. 8  Temperature and mineralization requirements for therapeu-
tic and recreational use of geothermal waters, based on Kochanski 
(2002)
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Health, Dz.U.2018.605). In Fig. 8, limits are given for mini-
mum and maximum temperature values, together with the 
mineralization level of waters convenient for therapeutic and 
recreational purposes.

Waters in balneotherapy or recreational purposes may 
not require high temperature, while bathing comfort is con-
nected with human body temperature. Use of geothermal 
waters for bathing can be accompanied with using them for 
other applications, where higher temperatures are required. 
To maintain hygienic standards, a separate part of geother-
mal water stream intended for different purposes can be 
used. Partially chilled waters can be used as well.

If we consider direct use of natural geothermal water 
with certain temperature and mineralization from the source 
(according to Kochanski 2002), appropriate waters can be 
expected in the Mogilno trough (Fig. 7). While consider-
ing only reservoir temperature for recreation and/or ther-
apy, temperatures > 25 °C and 28 °C, accordingly, can be 
expected at depths of ca. 500 m in the Mogilno trough and 
in the transition zone. Moreover, waters in these zones have 
a higher content of specific compounds such as I, Br ions 
and in the transition zone: Fe ions (cf. Specific compounds 
section). The Lodz Zone is less prospective for therapeutic 
purposes, while the content of Fe, I and Br ions is below the 
limits of Decree of the Ministry of Health, Dz.U.2018.605 
and the Polish Association of Balneology and Physical 
Medicine (2016).

Mineral extraction

High concentration of minerals is considered a major engi-
neering challenge during geothermal water exploitation. 
However, geothermal brines can be the source of valuable 
minerals or metals (Bloomquist 2006). The most valu-
able for mineral extraction purposes are waters containing 
35–400 g/L of salts (Svalova 2010).

Mineral extraction is categorized as an industrial pro-
cess and a direct use of geothermal energy. It is carried out 
in several countries, mostly from Eastern Europe such as 
Bulgaria, Russia and Poland for chemical extraction and 
Vietnam for iodine and salt extraction (Lund and Boyd 
2016). Iodine–bromine salts are also extracted in Poland for 
therapeutic purposes (Kepinska 2015). There are also some 
studies on use of byproducts of desalination technology for, 
i.e., balneological purposes (Tomaszewska and Szczepański 
2014).

Geothermal waters from the Mogilno–Lodz trough have 
been analysed in terms of being potential source of certain 
minerals extraction, such as I, Br, K or Mg. The results of 
the chemical analysis of K and Mg are presented as an Elec-
tronic Supplement Material. Minerals must be concentrated 
in an adequate amount: 18 mg/L for I ions, 250 mg/L for 
Br ions, 350 mg/L for K ions and 2000 mg/L for Mg ions 

(Dzieniewicz 1990). Despite large depths and high values 
of mineralization for some waters, only in one sample there 
is suitable accumulation of minerals, enabling industrial 
exploitation. In case of water sample from this well, K ions 
occurred in the amount of 350 mg/L. The sample is from the 
Mogilno trough. The other maximum contents: 12.8, 86 and 
567 mg/L for I, Br and Mg, respectively, do not achieve the 
limits. Unfortunately, there is no analysis concerning, e.g., 
rare minerals. Minerals occurring in geothermal waters of 
the Mogilno–Lodz trough might also be used for the produc-
tion of salts applicable for medicinal or recreational bathing 
purposes, and the production of cosmetics based on geo-
thermal waters.

Electric power generation applying 
low‑temperature geothermal waters (binary 
systems)

The possibility of geothermal power generation apply-
ing binary schemes is addressed in this paper because of 
noticeable global interest and developments of this technol-
ogy nowadays. This technology was first applied 50 years 
ago in Kamchatka, Russia (Franco and Vaccaro 2016). The 
capacity of 1790 installed geothermal binary power plants 
is 1726  MWe, which is 14% of the total installed capacity 
of geothermal plants in 26 countries (Bertani 2016). Binary 
units are usually smaller than other standard geothermal 
plant units. An average capacity of binary unit is 6.3  MWe/
unit and average energy is 31 GWh/unit, while in the most 
popular single flash unit these average values are 30.4  MWe/
unit and 179 GWh/unit, respectively (Bertani 2016).

The prospective development of the binary technology 
increases an interest in medium to low-temperature geother-
mal resources (Franco and Vaccaro 2016). Binary plants may 
be more efficient than single or double flash plants (IRENA 
2017; Gallup 2009) for a lower enthalpy range (750–850 kJ/
kg) (Zarrouk and Moon 2014, 2015; DiPippo 2015a). Binary 
and flash-steam plants operate over a wide range of geofluid 
exergy (DiPippo 2015b).

In Poland, electric power is generated mostly from coal. 
Other sources still have a small share; however, electric 
power generated from renewable energy sources is grow-
ing in recent years. Poland does not have high-temperature 
geothermal resources (> 150 °C), suitable for standard elec-
tric power generation when electric power is generated by, 
i.e., direct suppling with geothermal high-temperature fluid 
in direct dry steam plants or in flash plants (IRENA 2017; 
Barbier 2002).

Binary systems are regarded as the best systems for 
energy conversion, using medium- and low-temperature 
geothermal systems, both from the technical and the envi-
ronmental point of view (Franco and Villani 2009). Usually, 
geothermal water temperatures above 80–90 °C (Bujakowski 
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and Tomaszewska et al. 2014) are indicated as a minimum 
to consider electric power generation using binary technol-
ogy, taking into account energetic and economic aspects. 
Some potential locations for binary installations in Poland 
were given in (Bujakowski and Tomaszewska et al. 2014), 
but they are related to the geothermal aquifers connected 
with Lower Jurassic formations which have better thermal 
parameters than Lower Cretaceous formations.

According to Figs. 6 and 7, there are few samples, for 
which reservoir temperature exceeds 70 °C in Lower Creta-
ceous formations. It means that these are not favourable con-
ditions for standard binary systems development in Lower 
Cretaceous formations. Waters from Lower Cretaceous for-
mations at such depths have diversified mineralization. And 
mineralization ranging from typically 25 to even 100 g/L 
would be expected at depths below 2000 m (cf. Table 2).

At lower temperatures (80–100 °C), installations with 
direct evaporation of fluid in an exchanger (Underground 
Closed Geothermic Heat Exchanger) might be considered 
(Kaczmarek 2011). Such installations use different working 
fluids and geothermal heat (geothermal exchangers).

Electric power achieved from such installations in the 
Lower Cretaceous formation with maximum temperature of 
ca. 70 °C would be small. Assuming circulation of 1 kg/s of 
isobutane working fluid (based on Kaczmarek 2011), the 
calculated power is 32 kW, with η = 10% efficiency (in labo-
ratory environment). Temperature occurring in the Lower 
Cretaceous formations is too low. Nevertheless, if consid-
ered, the binary installation should be preceded by adequate 
energetic and economic analysis.

Aquifer thermal energy storage (ATES)

Energy storage is a key element of the modern energy sup-
ply chain to, e.g., improve efficiency of energy systems or 
renewable energy sources use (Aneke and Wang 2016). For 
thermal energy storage (TES), different storage media and 
temperature ranges are in place. For heating or cooling of 
buildings, mostly low-temperature thermal energy storage 
(LTTES) applications, which operate below 200 °C are used 
(Fernandes et al. 2012).

Aquifer thermal energy storage systems (ATES) use geo-
thermal resources with low-temperature geological water-
bearing formations to provide a buffer to balance fluctua-
tions in heat and/or cold supply and demand (Lee 2014, 
2010; Vanhoudt et al. 2011; Bridger and Allen 2005). There 
are ca. 3000 ATES systems in operation worldwide, with 
total heat and cold production of 2.5 TWh/year (Fleuchaus 
2018).

In ATES, groundwater is used to carry thermal energy 
in and out an aquifer using wells (Paksoy 2007), typically 
at depths of tens up to hundreds of meters. In ATES, the 
aquifer can be used for waste heat storage. Thus, energy 

is not lost, while storage heat increases water temperature 
in the aquifer. Therefore, in the heating season, water with 
higher temperature can be used, thus, increasing heating 
performance (Bridger and Allen 2014). It is also possible to 
use high-temperature ATES systems (HT-ATES) for heat-
ing (Vanhoudt et al. 2011; Sanner et al. 2005). However, 
only a few HT-ATES systems (with operational tempera-
ture > 50 °C) have been installed, because of higher costs 
and lower efficiencies than in case of low-temperature sys-
tems (Kranz et al. 2015). In high-temperature systems, man-
agement of waste heat from, e.g., a cogeneration unit in an 
ATES system is possible even at depths of 1200–1300 m 
(Seibt and Kabus 2006).

As the studied Lower Cretaceous formations lay at vari-
ous depths of the study area, shallower depths were pre-
ferred. Areas where the Lower Cretaceous formations lay at 
depths lower than 1500 m were selected. Other parameters 
that were assigned to determine favourable areas are pre-
sented in Fig. 9. As there are not many studies dedicated 
to thermal energy storage and not enough data from wells 
of the Mogilno–Lodz trough, input data were taken from 
modelling data of Gorecki et al. (2006) to provide a general 
assessment of the area. The aquifers with flow rate between 
10 and 100 m3/h where chosen. The reservoir thickness 
taken into consideration is ca. 30 m. The map is a result of 
the intersection of mentioned parameters. The selected areas, 
which satisfy the boundary conditions, are shown in Fig. 9. 

Fig. 9  Map of potential areas for applying aquifer thermal energy 
storage (ATES) on the layer showing temperature in the Lower Cre-
taceous formations top. Initial parameters in the table after Seibt and 
Kabus (2006), the temperature layer based on Gorecki et al. (2006)
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For the areas with the best conditions on the map in Fig. 9, 
temperature ranges in the reservoir from Gorecki et  al. 
(2006) were also drawn. Generally, the best conditions for 
ATES in the Lower Cretaceous formations are located in the 
southern and marginal parts of the trough. However, exact 
locations of such installations should be carefully tested for 
detailed geology, groundwater flow parameters, permeability 
of the aquifer and chemical composition of water, etc.

It is also possible to use aquifers to store energy com-
ing from other types of renewable energy sources, i.e., solar 
collectors or cogeneration (biomass) units in periods of the 
year/month when the surplus of produced energy would 
normally be lost. This is because of the specific nature of 
some renewable energy sources, which are the most easily 
available when there is a lower demand for heating (like 
solar energy in summer). Similarly, waste heat from differ-
ent types of processes, such as industrial ones or from space 
cooling, normally not utilized, can be stored in the aquifer 
and increase efficiency of further space heating and increase 
the flexibility of the energy system. In this case, it is essen-
tial to associate with a suitable adjacent heat producer. For 
ATES applications, thermal energy storage in systems with 
heat pumps is popular. Moreover, geothermal energy can 
be used in GSHP separately as well as in other processes 
which require thermal energy, such as drying of different 
products, aquaculture or other industrial processes possible 
to be applied in the Mogilno–Lodz trough.

Conclusions

A simple estimation procedure for hydrogeological informa-
tion, such as water mineralization and geothermal conditions 
of the reservoir obtained from archival chemical analysis 
and borehole temperature loggings was developed within 
this paper. Preliminary feasibilities of different geothermal 
applications were evaluated for the Lower Cretaceous forma-
tions in the Mogilno–Lodz trough (the Polish Lowlands). In 
the area, there are low-temperature geothermal conditions 
and highly variable mineralization of geothermal waters. 
According to the available data, waters occurring in the 
area of the Mogilno–Lodz trough in the Lower Cretaceous 
formations are mostly of Na–Cl type (the Mogilno trough 
and transition zone) and Na–(Ca)–HCO3 type in the Lodz 
trough. Waters contain some specific elements (I, Br, Fe). 
The highest mineralization values exceed 90 g/L and are 
related probably to salt structures. A geothermal gradient in 
the Lower Cretaceous formations is 2.5 °C/100 m on average 
and at certain depths of the Lower Cretaceous formations, 
the reservoir temperature exceeds 70 °C.

The potential of geothermal applications has been 
estimated for three trough zones. Possibilities of con-
junctive geothermal applications, such as space heating, 

balneotherapy and balneorecreation, mineral extraction, 
electricity production in binary systems and aquifer thermal 
energy storage (ATES) were examined in the Lower Creta-
ceous formations. Geothermal waters can be used for heat-
ing, balneotherapeutical, recreational and other purposes. 
There is no potential for binary systems. It may be possible 
in some areas to produce electricity from geothermal energy 
of given temperatures in a binary system, but in very small 
amounts (tens of kW) and at greater depths, where the tem-
perature is higher. There is a potential for the ATES applica-
tion in S and SW of the study area. Minerals’ extraction has 
a lower potential in this area.

Presented zones demonstrate low enthalpy geothermal 
energy resources. Despite lower temperature of waters, 
such resources can be a high-quality source of energy with 
low  CO2 emission to the atmosphere. Moreover, geothermal 
waters of the Lower Cretaceous in the Mogilno-Lodz trough 
can create various products and be used for diverse purposes.
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