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Lg‘:g;s‘ya;e‘jsg:ri;g%Smute Agriculture is among the most promising applications of geothermal energy, and

Polish Academy of Sciences, Poland has conditions to develop geothermal use in this sector. Suitable locations for
Wybickiego 7A Str, agricultural geothermal installations shall be selected during the planning stage. To
ﬁllﬁg gz‘;‘ivhvéff’n‘?gfmaﬁm support the selection process, the authors chosed and analyzed thematic maps and

is available at the end of the other information on basic natural conditions for agriculture in Poland, potential con-
article flicts between the operation of possible geothermal agricultural installations and other

important functions of the natural environment, valuable natural areas and protection
systems, elements of the current agricultural economy, etc. The authors combined
them with the spatial distribution of geothermal reservoir parameters suitable for their
agricultural applications using CorelDRAW X7 software. As a result, the regions with
prospective geothermal applications in a sustainable agriculture can be identified,
while maintaining the existing natural functions of the area. An example is given of the
energetic, technical and economic calculations for agricultural greenhouses which can
be supplied by geothermal resources in an area with existing natural functions, and a
relevant study case is presented. The novel approach described in this paper may serve
as an example in other countries of agricultural development with the use of geother-
mal resources.
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Introduction

Poland possesses geothermal energy potential which has promise for the development of
direct applications in many areas, including agriculture (Gérecki et al. 2006, 2011, 2012,
2013). The current uses of this energy source focus on six district heating systems, as
well as balneotherapy and recreation, while the application of geothermal energy in the
agricultural sector has so far been very low (Kepinska 2020). For several years from 1992
it included the experimental breeding of thermophilic species of fish as well as the heat-
ing of greenhouses and the soil in protected cultivation systems (Rosik-Dulewska and
Grabda 2001, 2002). This took place in the facilities of the Mineral and Energy Economy
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Fig. 1 Map of geothermal water reservoirs proposed for agricultural uses in Poland. Scientific description
based on Barbacki et al. (2016), ranges of reservoirs with temperatures > 30 °C and > 60 °C according to maps
by Goérecki et al. (2006, 2011, 2012, 2013)

Research Institute of the Polish Academy of Sciences (MEERI PAS) in the Podhale
region—Poland’s first experimental system for the versatile cascade use of geothermal
energy and water (Bujakowski 2000). Currently geothermal wood drying is still carried
out there. Since 2016, an Atlantic salmon farm has operated in Janowo, West Pomerania.
It uses geothermal water and heat from Jurassic sandstones discharged by a borehole
drilled in 2012. In two other towns—Poddebice and Uniejéw, vegetable processing has
recently been carried out on a small scale with geothermal water that primarily meets
the needs of geothermal district heating plants and recreation centres. Figure 1 shows,
among others, the localities, where geothermal energy has been used for agricultural
needs in the country.
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Together with the wider development of the use of geothermal energy expected in
the years to come, e.g., in district heating, one can also look forward to an increased
interest in its applications in agriculture and related fields. The use of such low-carbon,
green energy in the production and processing chain shall contribute to environmental
improvement and sustainable agricultural development. It will result from, e.g., elimina-
tion of local air pollution caused by burning fossil fuels to heat greenhouses or poly-
tunnels. Agricultural uses can also improve the energy efficiency and economic aspects
of heating systems based on geothermal source, since they will offer possibilities for its
wider cascaded applications (Popovski and Popovska 2003). For this to occur, it is neces-
sary to consider future geothermal facilities and agricultural installations from an energy
point of view when planning and designing them and to select appropriate locations.
This should result both from typical agricultural reasons and reasons concerning the
availability of adequate geothermal energy resources in groundwater, and these should
be harmoniously incorporated, for example, into existing systems of areas of high natu-
ral value (with various important functions, not only in the natural environment). More-
over, it should also not interfere with the role of some other natural resources of critical
importance (e.g., strategic groundwater resources for drinking water or forest resources).

The authors of this paper point out that the richness of many valuable natural areas
will facilitate the development of organic agriculture in some areas of Poland with the
use of clean geothermal energy.

This article presents the main elements of such an approach to the use of geother-
mal energy for sustainable development in agriculture and related sectors in Poland,
which covers both the issues of resources and energy as well as natural conditions. This
approach is proposed for Poland for the very first time.

Agriculture and related sectors are important areas for the direct application of
geothermal energy. In this respect, to demonstrate their position among other eco-
nomic sectors, it is best to refer to the latest synthetic summary of the use of geother-
mal heat in the world: this was presented for the years 2015-2019 in April 2020 (Lund
and Toth 2020). This indicated that in 2019, direct applications of geothermal energy
were pursued in nearly 90 countries worldwide. Their total installed thermal capac-
ity in 2019 was approx. 108 GW, while heat consumption totalled 1,020,890 TJ. This
was a very large increase compared to 2014, by 52 and 72%, respectively, which shows
the overall increasing use of geothermal heat on a global scale. The largest amounts
of power and heat were generated by ground (geothermal) heat pumps (58.8% of the
total amount of geothermal heat used), followed by recreation and health care (18%)
and district heating (16%). The fourth place in this ranking was occupied by agricul-
tural applications, i.e., the heating of greenhouses and protected cultivation (3.5%, 32
countries), with the following spots including aquaculture (1.3%, 21 countries) and
crop drying (0.4%, 15 countries). These three types of applications in agriculture and
related fields amounted to a total of 5.2% (over 49,400 T]/y). Other direct applications
of geothermal energy in the world in 2019 (in total about 2.4%) included industrial
and processing applications, various smaller scale uses (such as ice control of traffic
routes/melting snow) and for various other purposes. This classification also included
smaller scale applications related to agriculture, such as algae farming, heating of
livestock buildings, and irrigation of crops. The percentages provided (including in
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agriculture) would be significantly higher if heat pumps/shallow geothermal systems
(approx. 58% of the geothermal heat used) were not included.

It is worth emphasising that, following Lund and Toth (2020), the comparison of
current data (from 2019) and data from 2014 (from the World Geothermal Congress
in 2015; Lund and Boyd 2015) for greenhouses indicates an increase in the use of geo-
thermal heat by 23%, while in the case of aquaculture, it is by 13%. In 2019, geother-
mal heating of greenhouses and protected cultivation (flowers, vegetables, fruit, and
tree seedlings) was operational in 32 countries, with Turkey, China, The Netherlands
and Russia at the forefront. Aquaculture (fish, other species) using heat and geothermal
water were present in 21 countries, most of them in China, USA, Iceland, Italy and Israel.
Drying of agricultural crops (cereals, vegetables, fruit, seaweed, wood) using heat from
geothermal water was carried out in 15 countries. In addition to Turkey, the Nether-
lands, and Russia previously mentioned, some other European countries using geother-
mal for agricultural purposes include Iceland, Hungary, Italy as well as Austria, Greece,
France, Slovakia, Germany, North Macedonia, Serbia, and Switzerland (all information
given after Lund and Toth 2020).

Another prerequisite for the possible use of geothermal energy may be the function-
ing of a special form of organisation of agricultural production—organic farms. Accord-
ing to Eurostat (2013), in 2012 the leading European countries in terms of the number
of organic farms were as follows: Italy (48,852), Spain (30,462), France (24,425), Greece
(23,433), Germany (23,032) and Austria (21,843). At that time, the total value of sales of
the products of organic agriculture in Europe reached about 23.4 billion EUR, increas-
ing by about 6% per year, with the largest markets in terms of their retail sales: Germany
(EUR 7.6 billion), France (EUR 4.4 billion) and the United Kingdom (EUR 1.1 billion).
On the other hand 23,847 organic producers were registered in Poland in 2011, includ-
ing 23,449 organic farms and 270 processing plants, and the total area of crops used in
accordance with the regulations on organic farming was 605,519 ha (Zdrojewska 2013).
So in that year Poland was in a leading position in Europe, being third at least in terms of
the number of organic farms. Such farms should, as far as possible, use organic methods
and raw materials and green energy sources throughout the production and processing
chain—such a source (sometimes also raw material) can be geothermal energy.

In the north-western part of Poland, relatively large organic farms were present in
terms of holding area. There were many such farms in the southeast, however, much
smaller in size. These farms may even show fourfold differences in terms of holding size.

Materials and methods

An analysis of the global uses of geothermal resources for the needs of the agricultural
sector and their energy parameters leads to the conclusion that there are geothermal
water reservoirs in Poland useful for such purposes. These are, above all, the reservoir
parts with the temperatures at least exceeding the 30 °C isotherm. They were marked on
Poland’s map (Fig. 1) using Geothermal Atlases (Gérecki et al. 2006, 2011, 2012, 2013).
Then, the authors plotted the isotherm on selected thematic maps (using Corel DRAW
X7 software), which were important for the initial consideration of future locations of
geothermal facilities for the agricultural sector. These maps consider some vital local
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conditions that had been neglected before, particularly in the context of sustainable
development and avoiding conflicts between the status quo and new projects.

The authors selected the thematic maps based on an analysis and systematisation of
cartographic materials developed for specific purposes and derived from different online
sources. Thematic working maps—a source of essential data—were arranged to present
the following conditions in Poland: soil conditions (soil types, soil moisture, and the risk
of hydrological droughts in exemplary time intervals), potential conflicts between the
operation in the proposed new geothermal facility for agriculture in reference to other
essential functions of the natural environment (e.g., areas of strategic drinking water res-
ervoirs and their protection zones, valuable natural areas—including forests—and their
protection systems), selected previous agricultural sites (locations of orchards, field veg-
etable cultivation, protected cultivation systems, and demonstration farms).

The information presented on the selected thematic maps, proposed for the prelim-
inary stage of analyses, most of which are presented in this paper, was supplemented
with technical and economic data and results of energy parameter analysis of two types
of greenhouse facilities typical of the Polish Lowlands. Such greenhouses can be heated
with geothermal water if adequate parameters occur in the reference areas. The case of
Poddebice in the Polish Lowlands is an example of a specific locality fulfilling the above-
mentioned conditions, presented later in this article.

Results and discussion

Identification of geothermal reservoirs suitable for sustainable use in agriculture in Poland

The sections of geothermal aquifers in the Lower Cretaceous and Lower Jurassic for-
mations within the Polish Lowlands are considered to be the best prospects for agri-
cultural use in Poland. They are located at depths of 1.5-3 km and consist of medium
and coarse grained sandstones interbedded with mudstones and claystones. They are
from several dozen to several hundred metres thick. Geothermal water flow rates from
individual wells range from several dozen to over 200 m*/h—as confirmed by the wells
already exploited (60—250 m>/h). Water temperatures at the outflows are in the range of
ca. 20-90 °C. The mineralisation is very variable: from below 1 g/dm® up to 80-100 g/
dm? in the deepest parts of the Jurassic formations. However, some exceptions to this
trend were confirmed, e.g., in the Poddebice area, where geothermal water coming from
a depth of ca. 2 km has a mineralisation below 1 g/dm?, as presented in a later part of
this text.

Some sectors of geothermal aquifers are unconfined. They may be at least partly
recharged by infiltration water migrating deep down from the shallow parts of reser-
voir rocks. These parts are situated right below the cover of permeable Quaternary
formations. This type of recharge can facilitate a sustainable exploitation of consid-
ered geothermal aquifers for several purposes, including agriculture. In addition sus-
tainable exploitation can be assured by operating both production and injection wells.
One should also remember to keep a balance between the maximum production rate
and natural recharge of the particular sector of the geothermal reservoir, which facili-
tates stable long-term exploitation. This will also apply to situations in which geothermal

water is used for agriculture.
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Furthermore, despite the expected lower output capacities of these water intakes,
some areas of the Carpathian Foredeep and the Carpathians (in both cases mainly
having sandstones and carbonate rocks as reservoir hosts) are given consideration
(Fig. 1). These sections are defined as those exceeding 30 °C isotherms, and in the
Polish Lowlands also 60 °C isotherms. With regard to the sections of the reservoirs
defined by the 60 °C isotherm, this may facilitate the simultaneous agricultural use of
these resources for different purposes from a single water intake. This also applies to
localities, where geothermal water is already used for heating purposes or is planned
to be so used in the near future. For the Polish Lowlands, it is worth noting that Cre-
taceous reservoirs locally contain water of drinking quality (fresh water) the miner-
alisation of which is below 1 g/dm?® (e.g., in the area of Poddebice which is described
later in this paper). Such water may serve both as a heat source and as water for the
irrigation of crops. In some cases with higher levels of mineralisation of the geother-
mal water (from a few to a dozen g/dm?®) one may consider using it for crop irrigation
after it has been demineralised or undesirable components have been removed. This
can be done, e.g., using the reverse osmosis method which has been described for
other potential uses by Tomaszewska and Szczepanski (2014). This especially refers
to geothermal waters hosted by the Cretaceous and Jurassic formations, where, in
some sectors, the mineralisation can reach the level of a dozen g/dm? (Gérecki et al.
2006). The suggested demineralisation process has to be the subject of further more
detailed economic considerations and will require verification for a particular loca-
tion or project.

Relatively less favourable geothermal conditions are found in southern Poland, due
to the generally low output capacity of potential water intakes (except in the Pod-
hale region, where they are of high capacity). In the Carpathian Foredeep area (also
in the part under the Carpathian overthrust) local agricultural use of geothermal
water found in small Triassic and Jurassic reservoirs is also possible. A similar situ-
ation applies in the Carpathians. In the west, geothermal waters are present in small
reservoirs in three levels of flysch, as well as in the reservoirs in a series in the fly-
sch bedrock from Cenomanian and Middle Jurassic, and in the east they are mainly
in the Miocene reservoir, which is relatively extensive (Barbacki et al. 2016). Espe-
cially in those areas of Poland mentioned above, as well as in areas, where geothermal
water with temperatures below 30 °C occurs, there are different methods available for
facilitating their agricultural use. In Poland, according to formal regulations, thermal
water is groundwater with a temperature of not less than 20 °C at the outflow from the
intake (CSRP 2017). However, water with temperatures from 15 to 40 °C (i.e., within a
certain range of temperature values including water which is not formally recognised
as thermal water according to Polish regulations), if fresh, can be used for the irri-
gation of crops, and if it simultaneously exhibits low mineralisation and appropriate
physico-chemical composition for aquacultures (Lund and Boyd 2015). On the other
hand, the energy in water with temperatures of 15-40 °C is useful for heating crops
in protected cultivation, and the energy of water with temperatures of 25-60 °C can
be used for heating livestock buildings. The energy of water with higher temperatures
(from 30 °C to over 60 °C—higher temperatures are more advantageous) can be used
for heating greenhouses, agri-food processing, drying, and grain and feed processing.
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Fig. 2 Geothermal water reservoirs proposed for agricultural uses in Poland against the map of soil moisture
indicators. Explanations regarding the soils moisture index: a colorful scale of % saturation of soils with
liquid water at a depth interval of 0.7-0.28 m. Scientific description based on Barbacki et al. (2016), ranges of
reservoirs with temperatures > 30 °C and > 60 °C according to maps by Gorecki et al. (2006, 2011, 2012, 2013);
saturation of soils with liquid water according to MARD (2017), IMWM-NRI (2021)—sample data from May 16,
2016

Decisions on the potential locations of geothermal facilities for agriculture, in par-
ticular organic farming, are facilitated if the soil types (Map of Polish soils 2020) under
which geothermal water reservoirs are located are taken into account. The structure of
such farms will have to be planned in relation to the soil types in the area and on the
basis of that identification, by the selection of plant species with appropriate require-

ments in this respect.

Geothermal water reservoirs offering prospects for agriculture in Poland can be
compared with the map of soil moisture indicators (Fig. 2). This will graphically pre-
sent general information as an example, showing as it does an example of the soil mois-
ture conditions on a specific day (16 May 2016). The design of agricultural geothermal

Page 7 of 28
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installations should take into account changes in the soil moisture situation over periods
of several years, using a package of similar maps published periodically, as well as for
the months during the year which are sensitive for agriculture (with regard to crops on
the farms that would use geothermal waters). The map presents the values of soil mois-
ture indicators, i.e., the saturation of the soil with liquid water at a depth range of 0.7—
0.28 m. This range is important for the development of the root system of many arable
crops. At the same time, the figure presents spatial trends that are periodically repeti-
tive. This is partly due to the soil structure and also depends on the time and intensity
of precipitation. Deficit areas for water retention, i.e., with a coefficient lower than 40%
occur periodically in the Polish Lowlands. In Fig. 2, they are marked in yellow, orange,
red and brown. These areas are also locations of geothermal reservoirs, so the possibility
of a periodic supplementary resupply of this water to the soils can be examined (if their
natural parameters would be appropriate for the specific crop species grown on farms
in such areas or if the parameters of these waters could be adapted to the irrigation of
crops).

The information for the design of systems for using geothermal energy in agriculture
(geothermal installation-farming) should be complemented by an analysis of meteoro-
logical information regarding drought periods. One element of such an analysis is pro-
vided by plotting geothermal water reservoirs which present prospects for agricultural
use in Poland against a map of drought threats (Fig. 3).

A review of the maps available on the portal of the ISSPC-NRI Institute of Soil Sci-
ence and Plant Cultivation in Pulawy (http://susza.iung.pulawy.pl/mapy/2020,09,R_
stracz) which has been publishing periodic graphical reports for successive time inter-
vals of the year since 2009, indicates that, apart from last year 2020, the criteria for
defining a drought, as indicated in the Regulation of the Ministry of Agriculture and
Rural Development (MARD 2017) for various types of plants, have generally not been
exceeded in recent years. Among these plants, legumes serve as the most sensitive indi-
cators of drought. Figure 3 shows an example of the situation on 2.09.2013. On a similar
date (12.09.2013) the cultivation of fruit bushes and potatoes in part of the Mazowieckie,
Swietokrzyskie and Podkarpackie administrative provinces was also threatened by
drought. The figure for legumes suggests that in those areas of their cultivation, where
the geothermal water reservoirs mentioned above are present, it would be advisable to
periodically supplement the irrigation of soils with this water, especially legume crops,
bush fruit and potato crops (always subject to the water parameters being appropriate
for the specific plant species, as already pointed out above).

The potential construction of new facilities for the use of geothermal water in agri-
culture should take into account the distribution of the main groundwater reservoirs
(MGR) in Poland, which constitute a strategic freshwater reserve. It is best to con-
struct such new facilities outside the range of these reservoirs, especially their protec-
tion zones (AHLP—areas of highest level of protection, AHP—areas of high level of
protection). The utmost caution is required with regard to proposals for MGR during
detailed survey of conditions in the field and the implementation of the investment
to ensure that the principle of protecting the resources of these strategic reservoirs is
maintained. In Fig. 4, the geothermal water reservoirs proposed for agricultural use
in Poland are plotted against a map of the main fresh groundwater reservoirs (MGR)
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Fig. 3 Geothermal water reservoirs proposed for agricultural uses in Poland against the map of drought
threats. Scientific description based on Barbacki et al. (2016); ranges of reservoirs with temperatures > 30 °C
and > 60 °C according to maps by Goérecki et al. (2006, 2011, 2012, 2013); Map of drought threats according to
ISSPC-NRI (2020)—sample data from 21 June to 20 August, 2020

and their protection areas (Fig. 4). The AHLP and AHP areas, which are not shown
in Fig. 4 to provide greater readability, in most cases fall within the boundaries of the
MGR. The MGR indicated in 1990 are gradually being documented in detail. The map
of the MGR published by the Polish Geological Institute—National Research Insti-
tute (PGI-NRI 2016) and shown in Fig. 4 illustrates the state of documentation of the



Skrzypczak et al. Geotherm Energy (2021) 9:23 Page 10 of 28

: A | RS C W
0 50 100km A, s ,.ﬁ'f% Wﬁ
— e ‘ - M o A 4 P
prrsil 1 [
Beservoirs on the Polish Lowland, Reservoirs on the Carpathian Foredeep
isotherms: and Eastern Carpathians, isotherms:
30 Lower Cretaceous [30°C] Cenomanian [30°C]
60 Lower Cretaceous [60°C] Miocene [30°C]
—30 Lower Jurassic [30°C] Podhale Basin reservoir, isotherms:
60 Lower Jurassic [60°C] —20" Central Triassic and Eocene [30°C]
MGR MGR local groundwater MGR
documendet initially identified reservoirs (LGR) protection areas
ranges of activities
of the Regional Water Management Boards MGR numbers LGB numbers
(RWMB)

Fig. 4 Geothermal water reservoirs proposed for agricultural uses in Poland against the map of main
groundwater reservoirs (MGR—fresh) and their protection areas. Scientific description based on Barbacki
et al. (2016), ranges of reservoirs with temperatures > 30 °C and > 60 °C according to maps by Goérecki
etal. (2006, 2011, 2012, 2013); underlay Map of Main Groundwater Reservoirs (PGI-NRI 2021)—data from
November 2016

MGR in November 2016 and is used as a base. This indicates the location of the MGR
and indirectly their protection areas.

In a similar manner to the MGR, potential locations of new facilities for the use
of geothermal waters in agriculture, especially in organic farming, do not have to
be in conflict with the facilities of the system of protection of natural assets. Some-
times they could even enhance their functions, e.g., educational. This is indicated by
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Fig. 5 Geothermal water reservoirs proposed for agricultural uses in Poland against the map of national
parks, landscape parks, Natura 2000 areas and forests. Scientific description based on Barbacki et al. (2016);
ranges of reservoirs with temperatures > 30 °C and > 60 °C according to maps by Gérecki et al. (2006, 2011,
2012, 2013); underlay map of national parks landscape parks, NATURA 2000 areas and forests in Poland (GDEP
2021; HOGC 2021a, b)

a map of geothermal water reservoirs in Poland that are proposed for agricultural use
plotted against a map of national parks, landscape parks, NATURA 2000 areas and
forests (Fig. 5). The results from this map indicate that geothermal installations for
organic farming could be located in the buffer zones of some national parks and land-
scape parks. This applies in particular to the buffer zones of the following national
parks: Bory Tucholskie, Drawienski, Ujscie Warty, Wielkopolski, Kampinoski and
Roztoczanski National Parks. It also applies to sections of the landscape park buffer
zones within the 30 °C isotherm of geothermal waters in the Lower Cretaceous reser-
voir and within the Miocene reservoir in the Eastern Carpathians.

The map used as a base for Fig. 5 particularly well illustrates the distribution of
forests, and against this background, the location of borders of national parks and
landscape parks in Poland. On the other hand, very important sites of the European
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Fig. 6 Geothermal water reservoirs proposed for agricultural uses in Poland against the map of the objects
of the European Network Natura 2000 areas. Scientific description based on Barbacki et al. (2016), ranges of
reservoirs with temperatures > 30 °C and > 60 °C according to maps by Gorecki et al. (2006, 2011, 2012, 2013);
underlay the Map of the Nature 2000 areas (GDEP 2021; HOGC 2021b)

NATURA 2000 Network are more clearly presented in the map of geothermal water
reservoirs in Poland proposed for agricultural use against the map of the sites of the
European Network NATURA 2000 areas (Fig. 6). In turn, the map of geothermal aqui-
fers in Poland which provide prospects for agricultural use plotted against the map
of spatial policy directions concerning nature (Fig. 7) in the bottom layer illustrates
other very important elements of the nature protection system. These elements are
the borders of national parks and landscape parks together with their buffer zones,
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Fig. 7 Geothermal water reservoirs proposed for agricultural uses in Poland against the map of spatial policy
directions concerning nature. Scientific description based on Barbacki et al. (2016), ranges of reservoirs with
temperatures > 30 °Cand > 60 °C according to maps by Gorecki et al. (2006, 2011, 2012, 2013); underlay
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i.e., the places mentioned above which are especially preferred for locating potential
new geothermal installations for agriculture. This layer also shows—and this is very
important, too—the ecological corridors of another European system—ECONET-
PL as well as corridors connecting the NATURA 2000 system areas (including those

Page 13 of 28
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running through the buffer zones). Corridors are a dynamic element of protection
systems that determine the durability of their natural functional centres (i.e., con-
ventional fixed nature centres); therefore, they should not be used for agricultural
purposes.

When considering potential locations for geothermal facilities suitable for agricultural
use, they should preferably be located outside the NATURA 2000 system areas. Within
the limits of the proposed geothermal reservoirs these are relatively small areas on a
national scale, predominantly found in the north—west and south—east parts of Poland.
Such facilities should, in principle, also be located: outside habitat areas (SACs) and, in
the case of bird sanctuaries (SPAs), outside nesting areas and bird colonies or tempo-
rary breeding sites, and also, in principle, outside forest areas. Other sites which should
exclude the possibility of locating geothermal facilities are ecological corridors.

Derogations from these general principles would be possible in individual situations.
In each case, the criteria for approval or rejection of investment projects related to the
use of geothermal energy and water in agriculture should be considered on a case-by-
case basis after consultation with the authorities responsible for compliance with nature
conservation legislation.

Agricultural structure of Poland as a prerequisite for geothermal energy and water uses
One of the essential agricultural prerequisites for the potential use of geothermal waters
and their energy in Poland is the structure of horticultural crops and their territorial
distribution. The state in 2002 is discussed by Kulikowski (2007) (unfortunately there
is a lack of more recent studies). This study included the following types of agriculture:
orchards (53.2% of horticultural crops), field vegetables (33.7%), bush fruit (10.4%), pro-
tected cultivation (1.2%), fruit tree and bush nurseries (0.9%), flowers and ornamental
plants (0.6%). Other types of culture constituted 1.0%.

In the case of fruit trees, orchards represented more than 10% of the area of munici-
palities in the SE part of the area identified for the Lower Cretaceous reservoir in
the Polish Lowlands by the 30 °C isotherm, and in many areas, where there are geo-
thermal reservoirs potentially useful for agriculture, it was higher than 3% and some-
times 5%. On the other hand, in the case of field vegetables (including crops under
protected cultivation): onions constituted 17.7%, cabbage 15.5%, edible carrots
14.6%, cucumbers 9.6%, red beet 6.7%, tomatoes 5.8%, cauliflowers 5.6% and other
field vegetables 24.5%. Field crops constituted over 6% of the area of municipalities in
many locations, where there are geothermal reservoirs potentially useful for agricul-
ture (especially in the central and south—west part of the Polish Lowlands and in the
north—west) and in many other locations also over 4%, and less frequently, over 2%.

The structure of protected cultivation agriculture, for which the use of geothermal
resources seems to be particularly useful, is presented in Fig. 8 against the background
of the sections of geothermal water reservoirs recommended for their use in agriculture.

There is a separate category of organic farm in Poland, organic demonstration farms
(AACB 2012). It seems that some of these could benefit from the use of geother-
mal water. In the case of Podhale, cooperation could be established with the geother-
mal plant in Banska Nizna and for the Polish Lowlands with, among other partners,
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Fig. 8 Geothermal water reservoirs proposed for agricultural uses in Poland against the map of cultivated
vegetables under covers. Scientific description based on Barbacki et al. (2016); ranges of reservoirs with
temperatures > 30 °Cand > 60 °C according to maps by Gérecki et al. (2006, 2011, 2012, 2013); underlay Map
of vegetables crops under cover (2002 [in:] Kulikowski 2007)

interested heating plants (in 2020, five were operational in this area of Poland, further
ones are expected). Future locations of geothermal facilities for organic farming could
also be linked to some other demonstration organic farms in the following regions:
West Pomerania, Pomerania, Kujavia-Pomerania, Lubusz Region, Greater Poland, Lodz
Region, Masovia, Lublin Region, Silesia, Lesser Poland and Subcarpathia. These regions
are depicted in Fig. 3.
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Examples of preferred greenhouse facilities in Poland potentially using geothermal energy
As mentioned above, among the various possible uses of geothermal water and energy
in agriculture, one of the most popular would be their use in greenhouses. The methods
and possibilities for direct application of waters will depend on their physico-chemical
parameters, including output capacity, temperature, mineralisation, chemical composi-
tion, gas content and type. With regard to these factors, the appropriate temperature of
geothermal water is particularly important for agricultural applications. If, on the other
hand, the mineralisation, physico-chemical composition and gas content deviate from
the standards required for the specific crop species grown, etc., it will be necessary to
apply suitable methods or technologies to adjust the values of these parameters to an
appropriate level.

This chapter focuses on examples of greenhouse systems which can use the energy
from the geothermal water often found in the Polish Lowlands as a heat carrier. Uniejéw
and Poddebice zones were selected for analysis (the location of these towns is shown
in Fig. 1. The results of the relevant energy and economic assessments are provided for
standard greenhouse installations which are in common use and suitable for the zone
selected due to, among other criteria, the prevalent climatic conditions. They are con-
ventionally referred to as large greenhouses (a single large greenhouse facility) and small
greenhouses (forming a system of seven small greenhouse facilities). The analyses were
conducted taking into account the following assumptions:

« access to geothermal water with a temperature of 60 °C for heating the greenhouses
through a central heating system and for warm water preparation (Poddebice is situ-
ated in an area, where geothermal water temperatures reach and exceed the specified
value, Barbacki et al. 2017; Fig. 1),

+ location in the so-called climatic zone II for project calculations according to Pol-
ish Standards for the design of heating systems PN-EN 12831 (PCS 2006) (this
includes the central section of the geothermal reservoirs in the Polish Lowlands;
project parameters: minimum outside temperature — 18 °C, average yearly outside
temperature 7.9 °C),

+ interior temperature of the facility approx. 26 °C and humidity of air 65%,

+ external shell of greenhouse facility providing a heat transfer coefficient at the
level of 0.5 W/(m? K),

« intensity of air exchange in the facility approx. 0.3 volume/h (where the volume is
the volume of air filling the indoor space of the greenhouse).

The assumptions for both types of greenhouse facility were complemented by the
characteristics of their energy requirements, which were prepared using a mathemati-
cal model. Formulas for the calculation of selected energy values were used, which
take into account the Polish Standards for climate zones noted above (PCS 2006).

The large greenhouse facility had a cubature of 225,000 m® and energy demand from
the central heating plant estimated at 2.4 MW with preparation of the heating water
estimated to require 16 kW, while the total heat demand was estimated at 21.8 T]/y. The
structured curve of power demand is presented in Fig. 9, and the structured demand
for the temperature and flow rate of the heating medium is presented in Fig. 10. This
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Fig.9 Structured demand curve for heating power and domestic hot water preparation for the large
greenhouse
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Fig. 10 Structured demand curve for supply temperature and heating medium flow rate as well as return
temperature for the large greenhouse

figure shows that a complete (qualitative—quantitative) control of the power delivered
was assumed. As the temperature of the geothermal water is not high, quantitative con-

trol (consisting in adjusting the required water stream to the greenhouse’s requirements)
is of dominant importance.
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Fig. 11 Structured demand curve for central heating power and domestic hot water preparation for the
small greenhouse

The heating power demand was determined from the equation:

tin — £(7)

tin — tmin

P(T) = Pmax (1)
where P(t) power demand at time T, P, maximum power demand (the demand for
power occurs when the lowest design value of outdoor temperature is observed ¢,.,;..), &y,
assumed inner temperature, #(1) outside temperature at time 1, £;, external design tem-
perature according to Polish Standard PN-EN 12831 (2006).

The annual heating energy demand was determined on the basis of the relationship:
1yr
Q=/ P(v)dr, (2)
0

where Q annual energy demand.

The energy demand for the preparation of domestic hot water was determined using a
volumetric system which assumes the operation of an installation with a design power of
16 kW throughout the year. The main user of the domestic hot water would be the social
rooms and the technical use for hot water (washing, rinsing), as presented in Fig. 9.

Due to the low power requirement for hot water preparation, the required flow rate of
mains water (Fig. 10) will be very low outside the heating season. This low water demand
is a consequence of using a volumetric hot water preparation system. In the case of simi-
lar consumers in the vicinity of a greenhouse, i.e., further away from the location of the
source of the heat supply, it will be advisable to use an alternative energy source for hot
water preparation in the off-season, e.g., solar collectors combined with electric heaters.
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Fig. 12 Structured demand curve for supply temperature and heating medium flow rate as well as return
temperature for the small greenhouse

For a small greenhouse facility with a cubature of 98,000 m® the maximum power
requirement of a single facility was estimated at 51.6 kW for heating, 2.7 kW for hot
water preparation and 535 GJ/y for total heat demand. The heating characteristics for
such a facility are presented in Figs. 11 and 12.

The assumed value for the temperature of geothermal water from a well (60 °C) neces-
sitates the use of a peak energy source. Its power can be estimated as:

« in the case of the large greenhouse 110 m?/h - 4.2 kJ/(dm® K) - (70-
60) K= ~1.28 MW,

« in the case of the small greenhouse 2.5 m?/h - 4.2 kJ/(dm?® K) - (70—-60) K= ~29.2 kW¥.

The time of use of a peaking source use is very restricted, limited to about 150 h/y
(Figs. 10, 12) and thus the energy production is also small, and therefore, the peak energy
source may use a gas or oil boiler.

The energy calculations for both types of greenhouse facility analysed required the
determination of dynamic power demand curves depending on outside temperature.
The air temperature distribution during the year was determined using the data avail-
able representing a typical meteorological year in the location analysed (MEDLT
2021). The data relate to localities, where meteorological stations which carry out
appropriate measurements are located. The nearest station to the location analysed
is the station in £L.6dZ from which the data used were obtained. The heat and electric-
ity demand curves as well as the temperature and flux of the factor supplying ther-
mal energy are presented for the type of building analysed in Figs. 13 and 14. The
real time electricity demand illustrated for them is regularly arranged into three
groups of curves (maximum, average and minimum power requirement). The data

was marked with a uniform symbol every 30th record (every 13th hour in the year).
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Fig. 13 Dynamic characteristics of the thermal and electrical power demand and the flow rate, supply and
return temperature for the large greenhouse. P, =244 MW, Py, =16 kW, Py =189 kW, Q., + Q,,,, =204 TJ/y,
Q. =870 MWh/y. (P.,—power demand-central heating, Py,—power demand-domestic hot water, P—
electric power demand, Q ,—central heat use, Qy,—domestic hot water use, Q,—electricity use)

The electricity demand was determined using a cyclic (sinusoidal) relationship, which
takes into account the variability of demand during the day/night and during the year.

A clear separation of the three groups of electricity demand curves is only visible on
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Fig. 14 Dynamic characteristics of the thermal and electrical power demand and the flow rate, supply and
return temperature for the small greenhouse. P, =51.6 MW, Py, =2.7 kW, Py =2.5 kW, Q, + Qq,, =506 GJ/y,
Qq=11.6 MWh/y (P;,—power demand-central heating, Py,—power demand-domestic hot water, P,—
electric power demand, Q,—central heat use, Qy,—domestic hot water use, Q,—electricity use)

the chart. In fact, the calculation model used is based on hourly average electricity

demand.

The values of the parameters for the facilities discussed including those calculated tak-
ing into account the aforementioned assumptions and analyses are presented in Table 1.
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Table 1 Economic and energy evaluations for a large greenhouse and a group of seven small
greenhouses assumed to be supplied by heat extracted from geothermal water; Central part of the
Polish Lowlands, Uniejow-Poddebice zone (Barbacki et al. 2017)

Parameter Unit Consumer (type of facility)
Large greenhouse Small

greenhouses
(group of 7)

Cubic capacity [m3) 225,000 98,000

Usable area m?] 15,000 1,400

Height [m] 15 7

Central heating requirement kW] 2,400 361.2

Hot water preparation requirement [kw] 16 189

Energy demand (central heating, hot water) [Glyl 21,800 3745

Design parameters of the heating installation [°C] 70/50 70/50

Design parameters of the installation for hot water preparation  [°C] 60/20 60/20

Investment expenditure [PLN]® 2,416,000 380,100

Fixed costs [PLN/y] 120,800 19,005

(assumed technical service life of the installation: 20 years)

Variable costs [PLN/y] 1,454,420 249,155

Total costs [PLN/y] 1,575,220 268,160

21 PLN (Polish zloty) ~0.25 EUR (February 2020)

To get an energy effect at a supply temperature lower than 60 °C (indicated in Table 1),
one could alternatively:

+ increase the surface area of the heating elements, which at their lower temperature
would result in a similar heating effect;

+ apply auxiliary air heating to increase the value of the heat transfer coefficient (by
heated air) from the surfaces of heating elements;

+ increase the flow of working medium (thus raising its return temperature) which
would increase the average surface temperature of the heating elements.

Opportunities for sustainable use of geothermal energy in agriculture—a case

of Poddebice

The methodology presented in this paper as well as some examples of maps (Figs. 1, 2, 3,
4,5, 6,7, 8) can, treated as a collective whole, lead to many valuable considerations first
prior to the design stage, then in the preliminary design stages, as well as later in relation
to the solutions potentially implemented. On a national scale this generates a multitude
of solutions that are different in nature or similar solely in some aspects. One such solu-
tion is found in the Poddebice area.

Poddebice town is located in the central part of the Polish Lowlands, on the geother-
mal water reservoir in the Lower Cretaceous formation in a section defined by the 60 °C
isotherm (Fig. 1). It is at the same time the area, where MGR No. 451 occurs (one of
the main strategic fresh groundwater reservoirs in Poland), see Fig. 4. This area is not
wooded and is located far from national parks (Fig. 5) and NATURA 2000 areas (Fig. 6),
but close to important ecological corridors (Fig. 7). To the west, there is a large national
centre for protected cultivation systems, i.e., with areas of above 3000 m?/100 ha of
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vegetables cultivated under covers (Fig. 8). Periodically low saturation from precipitation
occurs in the area, for instance in May 2016 (Fig. 2), as well as periods of drought, such
as occurred in 2012 (Fig. 3), or last year (2020).

The geothermal water from Poddebice GT-2 has a temperature of 68—69 °C at the out-
let with a mineralisation of 0.4 g/dm?, and it is classified as HCO;-Na—Ca type water.
The reservoir is hosted in Cretaceous sandstones (depth ca. 1960—2060 m below surface)
and may be partly recharged by infiltration water migrating deep down from the near-
surface parts of reservoir rocks. These parts are situated right below the aboveground
cover of permeable Quarternary formations. The water has drinking water quality. More
details on its geology, geothermal character, reservoir, exploitation features and param-
eters in the Poddebice area are given in other publications (Kepiriska et al. 2017a, b, c).
Currently its primary use is to supply heat to the municipal district heating network and
for domestic hot water. After cooling in heat exchangers, it is also used for recreation,
for open air swimming pools in the summer and for rehabilitation in the county hospital.
A small amount is also directed to the local Geothermal Water Drinking Station. The
remaining part of the water stream (cooled down in heat exchangers to a temperature of
55-50 °C) is discharged to an artificial pond, where it is further cooled down (to a tem-
perature of approx. 30 °C) giving off its heat to the environment. It is then discharged
into the River Ner (Kepiniska et al. 2017). This unused heat potential could be success-
fully applied in agriculture and related areas as proposed in this paper. One shall add
that the potential for agriculture exists in Poddebice both now, when the cooled geother-
mal water is discharged into the river, and in a situation in which the water is injected
back into the ground, which would be a better solution for the sustainable exploitation of
a geothermal resource.

The company Geotermia Poddebice Sp. z o0.0. and the Town Council are planning
to expand the heating system from 10 to 18 MW. This requires an increase in the pro-
duction of water from the Poddebice GT-2 well from 190 to 252 m3/h (Kepinska et al.
2017a). Strategic plans include increasing the number of heat consumers in the city, sup-
plying water and geothermal heat to the Safari Zoo in nearby Borysew locality, as well as
to new facilities for aquacultures and other applications.

The agricultural traditions of the Poddebice region and the fact that over 60% of active
residents of the municipality are still employed in this sector of the economy make the
case for the geothermal resources also being used in agriculture. A proposal for their
comprehensive use, including agriculture, was presented by Wnek (2018). The following
section is based on some of the proposals found in that study. Geothermal heat could,
therefore, be used to heat greenhouses and to heat the growing medium in polytunnels.
The heating system could consist of corrugated thin-walled tubes, or heat sinks placed
on the ground, or at a certain height. Water flowing through the piping system would
transfer heat to the surrounding space as a result of natural convection. The number of
pipes and the surface area of the heat radiators would be determined by the size of the
greenhouse heating load and the heat output of the heating elements. The increase in
energy efficiency of such a system could be achieved, e.g., by cultivating plants on sills
under which are placed pipes or heat sink packs (PCS 2006).
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Soil or subsoil heating could also be carried out using heat from the direct flow of
geothermal water (or geothermally heated process water) through plastic pipes placed
underneath or on the surface, similar to the solutions described by Lund (1996).

In the case of polytunnels, geothermal water at a temperature of approx. 40 °C would
already be useful for cultivation in heated soil or subsoil. The heating system could be
made up of polyethylene pipes placed at a depth of at least 0.25 m. It would also be pos-
sible to place additional polyethylene pipes at a height of several decimetres above the
ground, which would help heat the air in the tunnels. An example of a similar applica-
tion was formerly found in Podhale (MEERI PAS facilities: Rosik-Dulewska and Grabda
2001; Ney et al. 2001). This demonstrated that it facilitates a significant acceleration of
vegetable growth and yield.

Geothermal heat could also be used to dry agricultural products (Sapiriska-Sliwa
2009). On the other hand, geothermal water, due to its natural purity and low miner-
alisation (0.4 g/dm?®), could, after appropriate cooling, be used as a raw material for the
irrigation of agricultural crops (field, greenhouse, protected cultivation). This would
save significant amounts of water used for plant irrigation and eliminate the problem
of discharging used geothermal water into the environment. This possibility becomes
particularly important in view of the growing threat of droughts to agriculture. Such
water could even be directly used in aquaculture facilities (fish farms) at temperatures
around 20-30 °C, including ornamental tropical fish in aquaria, as is seen, for example,
in Greece (Arwanitis 2017).

Another proposal for the agricultural use of energy and water is the direct cultivation
of algae in geothermal water (30—35 °C), because the ingredients it contains are essential
for their proper growth, which at the same time would reduce the costs associated with
providing such compounds. In another variant of algae cultivation, geothermal water (or
its heat) could be used to heat water or heat the facility. Geothermal heat can be used for
drying algal biomass.

Conclusions
Poland has the potential to use geothermal energy inter alia in agriculture which might
contribute to the sustainable development of this sector of economy. To achieve this, it is
necessary to plan and design future agricultural geothermal installations properly, both
in terms of deposits, energy, agriculture and selection of the location. In particular—they
should fit harmoniously into already existing systems of areas of natural value (which
already perform various important environmental functions), and should not interfere,
for example, with areas with strategic reservoirs of fresh groundwater.

The appropriate choice of the location of new facilities for the different uses of geo-
thermal resources in the agricultural sector should, therefore, take into account inter
alia:

+ reservoir factors,

« specific features of farms depending on, among other matters, soil types, type of veg-
etation cultivated, variability of hydrological conditions,

+ non-forest areas as preferred for the location,
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« the need to protect the main strategic fresh groundwater reservoirs (MGR),
+ the need to preserve the important natural functions of the systems: legal protection,
ECONET-PL and NATURA 2000 and the network of ecological corridors.

Greenhouse facilities with the parameters specified in the article (in relation to 60°C sup-
ply temperatures, this could include slightly higher or lower) may be the places most com-
monly utilising geothermal energy resources for the needs of sustainable development of
the agricultural sector in Poland. This is indicated by the example of Poddebice described
in the article. There are many more zones and locations in Poland, where there are appro-
priate parameters of geothermal waters for their use as an energy resource for the develop-
ment of agriculture (as well as using the geothermal waters themselves as a raw material).

The design of heating installation is a key factor. When applying geothermal energy it
is assumed that the heating installation should be designed as a low temperature heating
system. This reduces the necessity to use a peak energy source. The concept of a cas-
caded geothermal system also plays an important role.

The geothermal water resources of Poland are in many cases potential prospects for
the needs of the agricultural sector, including organic farming. Low-mineralisation
waters with an appropriate physico-chemical composition that can be used to directly
heat the medium in which plants grow (including irrigation), or to farm fish and other
aquatic species, would be the most useful. Such waters can be found in the Polish Low-
lands in the relatively efficient Lower Cretaceous reservoir (locally these are fresh water
reservoirs) and in the Lower Jurassic reservoir. The heat of geothermal waters (waters of
different mineralisation) can also be used to heat livestock facilities, greenhouses, agri-
food processing plants, and for crop and feed drying.

The use of geothermal energy in agriculture in Poland (similarly to that proposed for
the Poddebice region) would translate into an increase in the production of healthy food
and the development of sustainable agriculture, effective prevention of lifestyle diseases,
and an improvement in the quality of health and life of society, etc.

One shall also point out the availability of separate sets of specialist information, com-
piled cartographically, which describe various aspects of the protection of the natural
environment and the way it functions and of the way the agricultural sector operates. Con-
sidering a systemic approach to the definition of areas and locations in Poland suitable for
the future installation of geothermal solutions serving agriculture, a preliminary stage was
initiated which brought together and presented such basic spatial information. The meth-
odology given in this paper as well as some examples of maps can, treated as a collective
whole, lead to many valuable considerations first prior to the design stage, then in the pre-

liminary design stages, as well as later in relation to the solutions potentially implemented.
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