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Abstract: Sustainable development requires a holistic approach to natural resources and ecosystems
to avoid their degradation. Cooling water—water used for cooling in industrial or manufacturing
processes and then returned at elevated temperature to a local river or lake—is a common cause of
thermal pollution. The purpose of the analysis was to assess how much cooling water is currently
abstracted to generate electricity in Poland, what the dynamics of this abstraction in the last 20 years
(2000-2019) were, and to what extent this abstraction affects the available freshwater resources in
the country and in individual river basins. Moreover, the latest plans for the development of the
electricity sector in Poland were analyzed to determine how the implementation of these plans may
affect cooling water abstractions and the condition of Poland’s freshwater resources. Trend analysis
was performed in order to assess the strength of linear trends in the studied time series. The results
show that in Poland from 20002019, nearly 75% of water abstracted from surface resources was
cooling water used to produce electricity. The dynamics of cooling water abstraction show a clear

downward trend of 54.5 million m?

annually, despite a significant increase in electricity production.
This decline is likely to continue over the next 20 years, with the major unknown being the planned

introduction of nuclear power as an energy source.

Keywords: electricity production; cooling water; thermal degradation; freshwater resources; Poland;
EU country

1. Introduction

Sustainable human development requires the integrated management of available
resources and a holistic approach to natural resources and ecosystems to avoid their
degradation [1]. In order to achieve sustainable economies, the transformation of the
energy sector from one based on fossil fuels to one based more on renewable energy
sources (RES, green energy) seems to be a promising path [2], but even the use of RES
has its own, nonnegligible impact on the environment [3-6]. It is also clear that expected
growing demand for electricity in the coming years and decades [7-9] will require better
energy management and saving, as well as the need for increased electricity generation.

Energy and freshwater resources are closely related: energy is used to purify and
transport fresh water, and water is used to produce energy [10]. The production and use
of energy often require a significant amount of water; water is needed in the extraction of
energy sources (e.g., fossil fuels), as a feedstock to change the properties of fuels, for the
construction, operation, and maintenance of energy generating facilities, for power-plant
cooling, and for the disposal of waste products [10].

Power plants can affect the quality and quantity of local water resources [11]. A
significant quantity of water is required for thermoelectric power plants to support elec-
tricity generation [12,13]. Thermoelectric generation relies on a fuel source (fossil, nuclear,
or biomass), which is used to heat water to steam that is then used to drive a turbine-
generator [13]. Steam exhausted from the turbine is condensed by the flow of cooling water
in a heat exchanger (condenser) and recycled to a steam generator or boiler. Generally, three
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types of cooling systems are used in thermoelectric power plants: once through (open loop),
wet recirculating (closed loop), and dry (air-cooled) [14]. In once through systems, the
cooling water is abstracted (withdrawn—in US literature [15]) from a local body of water
(lake, river, or ocean) and, after passing through the condenser, the cooling water at the
elevated temperature is then returned to the same water body. Consequently, power plants
equipped with once through cooling water systems have relatively high water abstraction,
but low water consumption [13]. Wet recirculating cooling systems use cooling towers or
cooling ponds to circulate the abstracted water in a closed loop. In most wet recirculating
cooling systems, the cooling water at the elevated temperature is pumped from the steam
condenser to a cooling tower to dissipate the heat from the water to the atmosphere, and the
cooled water is then recycled to the condenser [13]. A cooling pond serves the same purpose
as a wet cooling tower, but it relies on natural conduction/convection heat transfer from
the water to the atmosphere as well as on evaporation to cool the recirculating water [13].
Compared to once through systems, plants with wet recirculating systems have relatively
low water abstraction, but high water consumption [13,14]. Regarding water losses in
the process of electricity generation, in once-through systems, consumption levels are
extremely small at the plant boundaries (about 1% of the abstraction [15]), but downstream
consumption (evaporation) due to the elevated discharge temperature is not negligible [13].
The consumption volume for closed-loop systems is about 1% of the abstraction volume at
equivalent once-through systems [14]. In closed-loop systems, the consumptive losses are
4-9% (pond) and 61-95% (wet tower) of abstraction [15]. Dry cooling systems can use either
a direct or indirect air cooling process. No cooling water is used in the direct air-cooled
system, while in the indirect dry cooling system both water abstraction and consumption
are minimal [13,14].

Solar photovoltaic (PV) power systems, wind turbines, and other renewable energy
sources often require minimal amounts of water [14,16], though some renewable or uncon-
ventional energy technologies are water intensive as well, such as geothermal plants [10].

The distribution of aquatic fauna and flora in river ecosystems is mainly shaped by
water flow and thermal patterns [17,18]. Most organisms living in rivers are ectothermic;
therefore, water temperature affects their metabolic rate, growth, development, and sur-
vival [18,19]. For freshwater fish species adapted to a specific fluvial environment, an
increase in water temperature above the preferred temperature range results in detrimental
thermal stress [20]. Additionally, many aquatic species will fail to reproduce at elevated
temperatures [21-23].

Cooling water is a common cause of thermal pollution. Thermal pollution is the degra-
dation of water quality by any process that changes the ambient water temperature [21].
When cooling water is returned to a lake or stream at a higher temperature, the abrupt
change in temperature can kill fish and other organisms adapted to a particular tempera-
ture range. Since the solubility of a gas in water is inversely proportional to temperature,
the heated discharges lower the solubility of oxygen in the water, thereby reducing the
amount of dissolved oxygen available to oxygen-dependent species. The higher water
temperature reduces the dispersion of oxygen to deeper waters, contributing to anaerobic
conditions [21-23].

Therefore, in order to reduce thermal pollution caused by cooling water, closed loop
cooling rather than open loop cooling systems are often used in new thermoelectric power
plants [15].

Poland has been a member state of the European Union (EU) since 2004. In its water
policy, the EU focuses on the protection of water resources, and the EU Water Framework
Directive (WFD) aims to protect European waters, achieve good ecological status, and
enable sustainable use [24]. In this context, it seems reasonable to ask how much cooling
water is currently abstracted to generate electricity in Poland, what the dynamics of this
abstraction have been in the last 20 years, and to what extent this abstraction affects the
available freshwater resources in the country and in individual river basins. In addition
to assessing the current situation, the newly adopted development plans for the Polish
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energy sector until 2040 (EPP2040) [25] are also important, as they will decide on the use
of cooling water for electricity production in the next two decades or so. It is also worth
considering how the implementation of these plans may affect the state of freshwater
resources in Poland.

The main objective of the paper was to assess the dynamics of cooling water abstraction
for electricity production in Poland over the last two decades (2000-2019) and the scope
of this abstraction from surface waters at the national and basin scale. Moreover, in order
to place the obtained results in an appropriate, i.e., European, context, abstractions of
cooling water for electricity production in Poland and two other EU countries (Czechia
and Romania) from the same part of Europe were compared. Subsequently, the percentage
share of the main energy sources in the total gross electricity production in Poland in
2000-2019 was examined in order to assess the changes in energy sources in the context of
cooling water abstraction. Finally, the latest plans for the development of the electricity
sector in Poland were analyzed to determine how the implementation of these plans may
affect cooling water abstractions and the condition of Poland’s freshwater resources.

2. Materials and Methods

The analysis is based on publicly available data from the Eurostat database (https://
ec.europa.eu/eurostat/data/database (accessed on 27 January 2022)), retrieved in January
and February 2022. Regulation No 223/2009 on European statistics [26] defines Eurostat to
be the statistical authority of the European Union [27]. Eurostat ensures the production of
European statistics at the union level according to established rules and statistical principles
that were laid down in the European statistics Code of Practice [27]. Eurostat coordinates
the statistical activities of the institutions and bodies of the Union, in particular with a
view to ensuring consistency and quality of the data [27]. Available data on cooling water
abstraction for electricity production cover the period of the last 20 years (2000-2019) and
this time period was taken into account in the current analysis for all other data. Some
missing values in the data (<1%) were not filled in as it was not necessary in the analysis
performed. All analyzed data are presented in the following figures.

Each time series was carefully examined to ensure there were no processing errors or
spurious values. Linear trend analysis was performed in order to assess the strength of
trends in the studied time series. Linear regression [28] (pp. 221-263) at the significance
level o = 0.05 was used.

3. Assessment
3.1. Available Fresh Surface Water Resources

According to Eurostat data, Poland, with a population of approx. 38 million, ranks
in the European Union (EU-27) at a distant 24th place in terms of the amount of available
freshwater resources per capita (1583 m3) per year. Similar places (23rd and 25th) are
occupied by Romania and Czechia (approx. 19 and 11 million inhabitants, respectively),
with 1779 and 1575 m? of freshwater available per capita, respectively.

According to data from the Eurostat database, in the years 2000-2019 the average
annual fresh surface water resources in Poland amounted to 57,290.6 million m3. De-
spite the high variability of these resources from year to year (between 40,785.5 and
86,763.2 million m3, in 2015 and 2010, respectively), there is no significant trend in this
data (Figure 1), but a slight downward tendency can be observed. At the same time, a
similar situation (high variability and no significant trends) can be observed in Romania
and Czechia (Figure 1), while the average annual fresh surface water resources are smaller
and amount to 39,659.2 and 14,408.5 million m3, respectively.
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Figure 1. Renewable surface freshwater resources in Poland, as well as in Romania and Czechia, in the
last two decades (2000-2019). Linear trends shown as dashed black lines are not significant at o« = 0.05.

3.2. Dynamics of Abstraction of Fresh Surface Waters in Poland on a National Scale

At the same time (2000-2019), the mean annual total gross abstraction from surface
freshwaters in Poland amounted to 8753.4 million m3, or 15.8%, and it was mainly used
for cooling in electricity production (74.6%), but also for agriculture (12.1%), public water
supply (7.4%), and for manufacturing industry (3.9%) (Figure 2).
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Figure 2. The mean annual total gross abstraction from surface fresh waters in Poland in 2000-2019

for different purposes.

The dynamics of the total gross surface water abstraction and water used for cooling
in electricity production in Poland is shown in Figure 3a. It is clearly visible that in Poland,
in the last two decades (2000-2019), the dynamics of the total gross water abstraction were
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strongly related to the dynamics of water used for cooling in the production of electricity;
the very high Pearson correlation coefficient (r = 0.9667) also indicates a strong positive
linear relationship between them. Moreover, both the dynamics of the total gross water
abstraction and cooling water in electricity production show a statistically significant
downward trend of 67.9 and 54.5 million m® per year (p < 0.01), respectively. At the
same time, in the dynamics of water abstracted for public purposes, there is a significant
(p < 0.0001) downward trend of 13.1 million m® annually, and the dynamics of surface water
abstracted for agriculture and manufacturing industry also show a significant (p < 0.05)
downward trend of 6.1 and 6.7 million m® per year, respectively (Figure 3b).
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Figure 3. The dynamics of surface freshwater abstraction in Poland in the years 2000-2019: (a) total
gross abstraction and water used for cooling in electricity production; (b) water used for agriculture,
public supply, and for manufacturing industry. Linear trends shown as dashed black lines are all

significant at p < 0.05.

3.3. Dynamics of Abstraction of Fresh Surface Waters in Poland on a River Basin Scale

For river basins, data on water abstraction for the years 2000-2009 are not available
in the Eurostat database. As a consequence, only available data for the decade 2010-2019
were taken into account for river basins. In 2010-2019, approximately 96% of renewable
freshwater resources in Poland were accumulated in two river basins: the Vistula and the
Oder, on average 62.5% and 33.3%, respectively. In the 2010-2019 decade in Poland, the
Vistula Basin accounted for 59.3-66.7% of the total gross abstraction from surface freshwater
(average: 62.6%, i.e., 5273.1 million m3), while the Oder Basin accounted for 33.2-40.5%
(average: 37.3%, i.e., 3159.4 million m°) (Figure 4). Moreover, as shown in Figure 4, in
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2010-2019, a statistically significant (p < 0.001) increase in water abstraction from the Vistula
Basin (by 0.95% per year) was accompanied by a significant (p < 0.001) decrease in water
abstraction from the Oder Basin (by 0.95% annually).
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Figure 4. Surface freshwater abstraction (%) in Poland in the years 2010-2019 at the river basin scale.
Linear trends shown as dashed black lines are significant at p < 0.001.

3.4. Dynamics of Abstraction of Fresh Surface Waters in Czechia and Romania

In the years 2000-2019, the average annual total gross abstraction from surface fresh-
waters in Romania and Czechia amounted to 5867.5 and 1425.1 million m3, or 15.8 and
10.7%, respectively. In Romania, the abstracted water was mainly used for cooling in
electricity production (34.2%) and for the manufacturing industry (31.7%), while in Czechia,
it was mainly used for cooling in electricity production (39.1%) and for public water supply
(25.1%). As shown in Figure 5a, in the last two decades (2000-2019) in Czechia, as in
Poland, the dynamics of total gross water abstraction were strongly related to the dynamics
of water used for cooling in electricity production, which is confirmed by a very high
Pearson correlation coefficient (v = 0.9199). In addition, the dynamics of the total gross
water abstraction show a statistically significant downward trend of 16.8 million m® per
year (p < 0.01). As depicted in Figure 5b, both the dynamics of surface water abstracted
for public purposes and for the manufacturing industry show a statistically significant
downward trend of 5.8 and 8.0 million m3 per year (p < 0.0001), respectively.

In the last two decades (2000-2019) in Romania, the dynamics of total gross water
abstraction do not show a significant linear trend (Figure 6a). Interestingly, as shown
in Figure 6a, since 2010, the reduction in the amount of water abstracted for cooling in
electricity production (on average) from 2896.1 to 897.0 million m? has been accompanied
by an increase in the amount of water abstracted for the manufacturing industry, (on
average) from 746.7 to 3230.6 million m®. As a result, the high correlation (r = 0.8513)
between water abstracted for cooling in electricity production and the total gross surface
water abstraction in 2000-2009 decreased to a very weak one (r = 0.2053) in 2010-2017.
Figure 6b shows a significant (p < 0.0001) decreasing trend in water abstracted in Romania
for public purposes of 72.6 million m® per year as well as a significant (p < 0.01) increasing
trend in water abstracted for agriculture of 27.4 million m® annually.
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Figure 5. The dynamics of surface freshwater abstraction in Czechia in the years 2000-2019: (a) total
action and water used for cooling in electricity production; (b) water used for agriculture,
public supply, and for manufacturing industry. Linear trends shown as dashed black lines are
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3.5. Dynamics of the Share of the Main Energy Sources in Electricity Production in Poland

According to Eurostat data, in the years 2000-2019 the population in Poland decreased
significantly (p < 0.0001), by an average of 16.7 thousand people per year (Figure 7a), while
total gross electricity production increased significantly (p < 0.0001), by an average of
1174.3 GWh per year (Figure 7b), that is, from 145,185 GWh in 2000 to 163,751 GWh in 2019,
with a maximum of 170,404 GWh in 2017. These results indicate that in the years 2000-2019
in Poland there was an increase in energy demand despite a significant decrease in the
population. On the other hand, a significant increase in electricity production (Figure 7a)
mpanied by a significant decrease in cooling water abstraction for electricity
production (Figure 3a). This involved significant changes in the structure of electricity

was acco:

production, as shown in Figure 8 and explained in the text below.
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Figure 6. The dynamics of surface freshwater abstraction in Romania in the years 2000-2019: (a) total
gross abstraction, as well as water used for cooling in electricity production and for manufacturing
industry; (b) water used for agriculture and public supply. Linear trends shown as dashed black lines
are significant when p < 0.05.

According to Eurostat data, in 2000-2019, in Poland, the largest share in electricity
production was held by hard coal and lignite, on average 52.6% and 33.2%, respectively, i.e.,
85.8% in total. At the same time, however, there was a significant (p < 0.0001) downward
trend in the share of hard coal and lignite in electricity production by 0.63% and 0.44%
annually (Figure 8a), and their share in 2019 was 46.4% and 25.8%, respectively; that is,
72.2% in total. In contrast, natural gas had an increasing share of electricity production,
from 0.6% in 2000 to 9.0% in 2019 (Figure 8b). Among other fossil fuels, fuel oil had an
average share of 1.4% in electricity production in Poland in 2000-2019, with a downward
trend of 0.04% per year (Figure 8c). Moreover, other combustible fuels are solid biofuels,
whose average share in electricity production in Poland in 2000-2019 was 2.7%, with a
maximum of 5.9% in 2012 (Figure 8d). Among the main renewables, the share of (onshore)
wind power in electricity production in Poland has been increasing, especially in the last
decade, from 1.1% in 2010 to 9.2% in 2019, and an average of 2.8% in 2000-2019 (Figure 8e),
while the average share of hydropower in the years 2000-2019 was 2.0%, and a maximum
of 2.9%, with a significant downward trend of 0.07% annually (Figure 8f). Moreover, an
analysis (not shown) similar to the above but in absolute units (GWh) confirms that the
directions of change are analogous to those expressed as percentages (Figure 8). It is worth
remembering that the above-described changes in the use of various energy sources for



Energies 2023, 16, 2822

90f18

electricity production in Poland in 2000-2019 resulted in, among other effects, a reduction
of cooling water abstraction.
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Figure 7. (a) Population in Poland in the years 2000-2019; (b) total gross electricity production in
Gigawatt hours (GWh) in Poland in the years 2000-2019. Both linear trends shown as dashed black
lines are significant at p < 0.0001.

3.6. Dynamics of the Predicted Share of the Main Energy Sources in Electricity Production
in Poland

In accordance with Appendix 2 [29] to the Energy Policy of Poland until 2040 (EPP2040),
the predictive analyses presented by Agencja Rynku Energii S.A. (ARE S.A.) indicate an
increase in gross electricity production from 176,700 GWh in 2020 to 201,200 GWh in 2030
to 225,800 GWh in 2040, and gradual changes in the structure of electricity production
in Poland from the perspective of 2040, with particularly dynamic changes in the years
2030-2040. Based on the data from Table 22 in Appendix 2 [29] to the EPP2040, the main
trends expected in the 2040 perspective are presented in Figure 9.

As shown in Figure 9a, the share of hard coal, including coke oven and blast furnace
gas, in the total gross electricity production in Poland will gradually decrease from 42.7%
(75.4 TWh) in 2020 to 31.4% (63.1 TWh) in 2030, to 20.2% (45.7 TWh) in 2040, with a
significant (p < 0.01) downward trend of 1.17% (1.57 TWh) annually. Starting from 26.6%
(47.0 TWh) in 2020, a marked decrease in the share of lignite is expected only in 2031-2040,
from 24.8% (49.9 TWh) in 2030 to 12.9% (27.5 TWh) in 2035, to 7.7% (17.3 TWh) in 2040,
with a significant (p < 0.05) downward trend of 1.04% per year for 2020-2040 (Figure 9b).
The share of gaseous fuels, including high-methane and nitrogen-rich natural gas, gas
from demethylation of mines, and gas accompanying crude oil, will gradually increase
from 6.8% (12.0 TWh) in 2020 to 10.3% (20.7 TWh) in 2030, to 17.0% (38.4 TWh) in 2040,
with a significant (p < 0.01) upward trend of 0.54% (1.38 TWh) annually (Figure 9c). The
share of fuel oil will gradually decrease from 1.1% (1.9 TWh) in 2020 to 0.9% (1.9 TWh)
in 2030, to 0.8% (1.7 TWh) in 2040, with a significant (p < 0.05) downward trend of 0.02%
(0.01 TWh) annually (Figure 9d). The share of solid biofuels in electricity production
in Poland is expected to be 5.4% (9.6 TWh) in 2020, 5.8% (11.6 TWh) in 2030, and 4.6%
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(10.3 TWh) in 2040, without a significant trend (Figure 9e), while the share of biogases
will gradually increase from 0.9% (1.5 TWh) in 2020 to 1.9% (3.9 TWh) in 2030 to 2.6%
(5.8 TWh) in 2040, with a significant (p < 0.01) upward trend of 0.09% (0.22 TWh) annually
(Figure 9f). Among the main renewables, the share of wind energy (onshore and offshore)
in electricity production in Poland will continue to grow from 13.3% (23.5 TWh) in 2020 to
19.0% (38.3 TWh) in 2030 to 24.5% (55.2 TWh) in 2040, with a significant (p < 0.01) upward
trend of 0.60% (1.66 TWh) in 20202040 (Figure 9g), while the share of hydropower is to
increase from 1.7% (3.0 TWh) in 2020 to 1.9% (3.9 TWh) in 2030 to 2.0% (4.6 TWh) in 2040,
with a significant (p < 0.01) upward trend of 0.07 TWh per year (Figure %h). In addition,
the share of solar photovoltaic will gradually increase from 1.1% (2.0 TWh) in 2020 to 3.4%
(6.8 TWh) in 2030 to 6.6% (14.8 TWh) in 2040, with a significant (p < 0.01) upward trend of
0.27% (0.64 TWh) annually (Figure 9i). The development of nuclear power in Poland is also
expected; its share in the total gross electricity production may amount to 9.6% (20.4 TWh)
in 2035 and 13.6% (30.6 TWh) in 2040 (Figure 9j).
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Figure 8. The dynamics of the percentage share of the main energy sources in the total gross electricity
production in Poland in 2000-2019: (a) hard coal and lignite; (b) natural gas; (c) fuel oil; (d) solid
biofuels; (e) wind power; and (f) hydropower. All linear trends shown as dashed black lines are
significant at p < 0.0001.
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Figure 9. Prediction of the share of the main energy sources in the total gross electricity pro-
duction in Poland in 2020-2040: (a) hard coal, including coke oven gas and blast furnace gas;
(b) lignite; (c) gaseous fuels: high-methane and nitrogen-rich natural gas, gas from demethylation of

mines, and gas accompanying crude oil; (d) fuel oil; (e) solid biofuels; (f) biogases; (g) wind power;

(h) hydropower; (i) solar photovoltaic; and (j) nuclear fuels. Left Y axis—percentage share; right Y
axis—share in TWh (1 TWh = 1000 GWh). Linear trends shown as dashed lines are significant when
p < 0.05. The prediction is based on the data from Table 22 in Appendix 2 [29] to the EPP2040.

4. Discussion

According to Eurostat data, Poland in the European Union (EU-27) has relatively
small surface freshwater resources per capita (1583 m?) per year, similarly to Czechia
(1575 m3) and Romania (1779 m3). In turn, the top three countries in the ranking, Croatia,
Finland, and Sweden, have 12 to 18 times greater freshwater resources per capita than
Poland. Apparently, the smaller the water resources, the greater the challenge of proper
management of these resources to meet the current and future needs of society and the
environment. However, according to the results of the 2019 EU water status assessment [30],
nearly 70% of Polish surface water bodies (i.e., 68.4% of rivers and 65.6% of lakes) are below
good ecological status; diffuse agricultural pressure affected 62% of lakes and 8% of river
water bodies, while the most significant pressure on rivers, affecting 50% of river water
bodies, is anthropogenic pressure classified as ‘unknown’. This indicates the need to better
identify and minimize existing anthropogenic pressures in order to increase the protection
of Polish freshwater resources and achieve their good ecological status, in accordance with
the EU Water Framework Directive [24].
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Undoubtedly, cooling water—water used for cooling in industrial or manufacturing
processes and then returned to the local water body (lake, river) at elevated temperature—is
a common cause of thermal pollution, which contributes to the deterioration of the ecologi-
cal status of water resources and the health of aquatic organisms [21-23]. Heated discharges
into a stream or lake may drastically change the ecology of the water system; therefore, the
ecological effects are generally deleterious [21]. The key problem with cooling water is its
elevated temperature; the higher the temperature, the more extensive the impact on the
aquatic environment, as every 10 °C increase in water temperature is usually accompanied
by a doubling of the rate of chemical reactions [31] and the rate of metabolism of aquatic
biota [32]. In Poland, the Regulation of the Minister of the Environment of 4 October 2002
on the requirements to be met by inland waters which are habitats for fish in natural condi-
tions [33] required that the water temperature measured below the point of introduction
of thermal pollution (at the edge of the mixing zone) may not differ from the temperature
independent of this pollution by more than 1.5 and 3 °C, respectively, and may not exceed
21.5 and 28 °C for waters which are habitats for salmonids and cyprinids, respectively.
Unfortunately, this regulation was repealed on 1 January 2018. Instead, the Act of 20 July
2017—Water Law (Dz.U. 2017, poz. 1566 [34]), which entered into force on 1 January
2018, provides for fees for 1000 m® of water from the cooling circuits of power plants or
combined heat and power (CHP) plants, if the cooling water temperature is: above 26 to
32 °C—fee PLN 0.68, above 32 to 35 °C—fee PLN 1.36, and above 35 °C—fee PLN 4.24.
However, the fee is not required if the cooling water temperature does not exceed 26 °C or
the difference between the temperature of waters abstracted and discharged into surface
waters is lower than 11 °C [34]. This means that the current Polish Water Law [34] does
not specify the upper limit of the temperature of the cooling water that is returned to the
aquatic environment from power plants or CHP plants, and thus does not protect aquatic
organisms, including salmonids and cyprinids, from too high cooling water temperatures;
this seems to contradict the concept of sustainable development. Moreover, the current
Polish Water Law [34] requires the use of measuring devices/systems to measure: (1) the
amount of abstracted water, and (2) temperature at the inlet to the water intake and at
the outlet to the receiver for water from cooling systems of power plants or CHP plants.
However, no other cooling water quality control is required.

The results of this analysis indicate that in the years 2000-2019, the annual total
abstraction of surface waters in Poland amounted to 15.8% of surface water resources,
of which 74.6% were used for cooling in the production of electricity. This means that
nearly 75% of surface waters abstracted in Poland from 2000-2019 were cooling waters
for electricity production, while at the same time in Czechia and Romania, with the total
abstraction at a comparable level (10.7% and 15.8%), cooling waters accounted for 39.1%
and 34.2% of the total abstraction from surface waters, respectively. In other words, in
the years 2000-2019, cooling water for electricity production in Poland accounted for an
average of 11.8% of surface water resources, while in Czechia and Romania it accounted
for 4.2% and 5.4%, respectively, which is more than half as much. In addition, since 2018,
there has been no upper limit for the temperature of cooling water from the power plant or
CHP plant discharged to rivers, and when the difference between the temperature of the
abstracted and returned water is less than 11 °C, there is no fee [34]. Overall, this causes an
uncontrolled, negative impact on surface water resources and may constitute the ‘unknown’
anthropogenic pressure indicated in the 2019 EU water status assessment [30]. A more
detailed assessment of the impact of cooling water on the state of surface water resources in
Poland requires consideration of specific cases and appropriate data (the temperature and
volume of cooling water, river water temperature range, and the volume of water flowing
at a given moment) and is beyond the scope of this analysis. However, as indicated in the
Strategic Environmental Impact Assessment—Appendix 3 to EPP2040 [35], in the case of
open-loop systems in Poland, streams of hot and cold water are formed in rivers below
the discharge point of heated water, stretching for 30-70 km in summer and 13-30 km in
winter, while the impact of the closed-loop systems on the environment, depending on
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the technology used, may manifest in reducing water resources in the region, affecting the
microclimate and noise intensity and discharging wastewater with high salinity [35].

In the analyzed period (2000-2019) in Poland, a desirable, statistically significant trend
can be observed, associated with a gradual decrease (by 54.5 million m® annually) of cooling
water abstracted for electricity production, which contributes to a gradual reduction of
the total amount of water abstracted from surface resources (by 67.9 million m? annually),
as the dynamics of water used for cooling in electricity production and the total surface
water abstraction is strongly linearly correlated (r = 0.9667). In addition, there was also a
gradual decrease in the abstraction of surface water for public purposes (by 13.1 million m?
annually), but in 2015-2019 at the expense of increased abstraction of groundwater (not
shown). Furthermore, in the dynamics of abstraction of surface water for the needs of
agriculture and the manufacturing industry there was a significant downward trend of 6.1
and 6.7 million m? per year, respectively. This means a smaller depletion of surface water
resources from year to year and a smaller load of these resources with cooling waters in
the last two decades (2000-2019), despite a significant increase in electricity production.
It is worth emphasizing that the observed decrease in the abstraction of cooling water
for electricity production in Poland was related to significant changes in the structure of
electricity production, as well as to the fact that in newly built power plants and power
units closed-loop systems are used instead of open-loop [36].

A largely similar situation is observed in Czechia, where in the years 2000-2019 there
was a downward trend in the total water abstraction from surface resources, which can
be associated with a downward trend in the abstraction of cooling water for electricity
production, as well as water abstracted for the needs of the manufacturing industry and
public purposes. In contrast, at the same time in Romania, the total amount of water
abstracted from surface resources remained at the same level, with the opposite direction
of changes in the dynamics of water abstraction for agriculture (increasing trend) and for
public purposes (declining trend), and since 2010, the reduction in the amount of water
abstracted for cooling in electricity production was accompanied by an increase in the
amount of water abstracted for the manufacturing industry.

In Poland, in the 20102019 decade, an average of 5273.1 and 3159.4 million m? of water
was abstracted from the Vistula and Oder River Basins, respectively, which corresponds
to 62.6% and 37.3% of the total gross abstraction from surface fresh waters. Moreover, in
2010-2019, a statistically significant increase in water abstraction from the Vistula Basin (by
0.95% annually) was accompanied by a similar decrease in water abstraction from the Oder
Basin. Such trends seem justified when we compare the surface water resources in these
two river basins (on average 65.24% and 34.76% of water in the Vistula and Oder Basins,
respectively) in relation to the volume of water abstraction (62.6% and 37.3%, respectively).

With regard to Poland’s future policy in the electricity sector until 2040 as set out in
EPP2040, the results of this analysis indicate that the important trends in the share of the
main energy sources in total gross electricity production are largely in line with the trends
observed over the last two decades (2000-2019). According to forecasts, from 2020-2040 a
further decrease in the share of hard coal (to 20.2% in 2040) and fuel oil will be accompanied
by a decrease in the share of lignite (to 7.7% in 2040), while a further increase in the share
of gaseous fuels (to 17.0% in 2040) will be accompanied by a further increase in the share of
renewables (to 33.0% in 2040), mainly wind power (to 24.5% in 2040) and solar photovoltaic
(from 1.1% in 2020 to 6.6% in 2040). If the forecasts [29] turn out to be true and the trends
observed in 2000-2019 continue, this should result in a further decrease in cooling water
abstraction for electricity production, as PV and wind power systems do not need cooling
water [16]. An increase in wind power includes offshore wind farms (with the predicted
share of 13.6% in 2040); their construction is a strategic decision, allowing for economic
growth [37]. The ranking of prospective RES technologies shows that offshore wind farms
are the preferred technology, with the greatest development opportunities in Poland [37]. In
addition, 2020 was the best year in the history of photovoltaic development in Poland [38],
and Poland is at the forefront in the EU in terms of increasing installed PV capacity [39]. It
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is also clear that renewable energy sources make an important contribution to improving
energy efficiency [5].

Additionally, the results of the modeling study [11] show that in the United States
(US), by 2050, water abstraction at the national level will be likely to decrease steadily.
The reduction in water abstraction will be largely due to the retirement of once-through
cooled thermal generation and the construction of new facilities using recirculating cooling
technologies, in addition to the high penetration of renewable technologies with minimal
water requirements and improved energy efficiency [11]. A similar situation can be expected
in Poland [29].

The major unknown in EPP2040 is the planned introduction of nuclear power as an
energy source. Although the decrease in water abstraction from surface waters and the
decrease in the amount of cooling water used in the production of electricity, observed
in the last 20 years, is an important sign of positive changes, it should be remembered
that the introduction of nuclear fuel as an energy source [25,40] may significantly change
the situation. A nuclear power plant with an electrical capacity of up to 3750 MW will
be built in Poland, based on the proven American AP1000 reactor technology [40]. The
first unit of the power plant will be built by 2033 [40]. The power plant will be located in
northern Poland [40]. Initial decisions regarding the construction of the first nuclear power
plant indicate a seaside location (Lubiatowo-Kopalino) [41], which means the use of mainly
sea water (from the Baltic Sea) for cooling systems [42]; it would therefore not place an
additional burden on surface water resources. On the other hand, preliminary proposals
for the location of further nuclear power plants point to places located in the interior of
the country, in the central part of Poland (near Belchatéw or Patnow) [25]. Moreover, the
technology used in nuclear plants has a decisive influence on the amount of cooling water
abstracted. For example, nuclear plants in the UK use open loop cooling with abstraction
in the order of 65 m3-s~! per reactor [15] and 72 m3-s~1 and 57 m3-s~1 for EPR and AP1000
reactors, respectively [43], while smaller microreactors, Advanced Small Modular Reactors
(SMRs), are currently being developed in the US; SMR designs can use light water, gas,
liquid metal, or molten salt as coolant [44]. The implementation of SMRs is considered as a
likely solution for future nuclear energy in Poland [45].

In its December 2021 report [46], the European Environmental Agency (EEA) indi-
cated that many parts of Europe are already experiencing water stress, understood as a
situation where there is not enough water of sufficient quality to meet the demands of
people and the environment. The current assessment describes water stress in Europe
as significant; it affects 20% of the European territory and 30% of Europeans on average
every year [46]. In addition, water stress in Europe is expected to increase in the future as a
result of climate change (projected increase in frequency and magnitude of droughts) and
socio-economic development, despite the fact that water use efficiency has increased in
agriculture, electricity production, industry, mining, public water supply, and tourism [46].

Undoubtedly, the projected increase in the frequency and magnitude of droughts [46]
will mean less water in streams and rivers, at least temporarily. In Poland, the most impor-
tant region in terms of surface water abundance is the Carpathian region. It is in this region
that the Vistula originates, the basin of which covers more than half of Poland’s territory.
While the Carpathian part of the Vistula Basin constitutes only 11% of the entire basin,
its share in the annual runoff volume is 40% [47], which significantly affects the amount
of river flow across Poland. In terms of observed changes in hydroclimatic conditions in
the Carpathian catchments, the study [48] showed that, over the last 30 years (1986-2015),
compared to the previous 30-year period (1956-1985), there were changes in the annual
precipitation profile, while the mean annual precipitation did not change significantly.
Largely similar results were obtained in [49], indicating a significant decrease in precipita-
tion (and river flow) in the summer, offset by significant increases in precipitation in the
spring and autumn over the last 30 years (1985-2014) compared to the previous 30 years.
However, trends in the flow of Polish Carpathian rivers are often statistically insignificant,
especially on an annual basis [50-53], while differences in the magnitude and/or direction
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of trends depend on the interaction of large number of factors affecting mountain river
catchments [54], including human activity (e.g., land cover transition [55-57], dam reservoir
construction [58], urbanization, road construction). The study [59] of baseflow trends for
midsize Carpathian catchments in Poland and Slovakia showed that the most evident
changes (decreases) were identified in the summer and autumn, especially in foothill
catchments; these results indicate the increasing problem of groundwater depletion in the
summer and autumn, mainly in foothill catchments.

In a changing climate with a warming trend in air temperature, river water tempera-
ture increases [60-64] as a result of heat exchange with the atmosphere. Obviously, river
water temperatures are higher during lower flows [65]. Regional climate warming [66],
with the strongest increases in river water temperature in summer and autumn (0.75-1.17
and 0.51-1.08 °C per decade, respectively) in the Carpathians catchments [67], may intensify
the adverse effects of thermal pollution on the aquatic environment. In the climate change
context, the required solution is to prevent thermal pollution of surface water resources by
limiting the release of cooling water to the aquatic environment.

5. Conclusions and Future Directions
The results of this analysis support the following conclusions:

1. Poland in the EU-27 has relatively small surface freshwater resources per capita
(1583 m3) per year, similarly to Czechia (1575 m?) and Romania (1779 m?);

2. In 2000-2019, the annual abstraction of surface water in Poland amounted to 16% of
surface water resources, of which nearly 75% was used for cooling in the production
of electricity;

3. In2000-2019, the dynamics of the total water abstraction and cooling water in electric-
ity production in Poland showed a clear downward trend (of 67.9 and 54.5 million m?
annually), which is an important signal of positive changes;

4. In 2010-2019, an average of 5273.1 and 3159.4 million m® of water was abstracted
from the Vistula and Oder River Basins, respectively, which corresponds to 62.6% and
37.3% of the total gross abstraction from surface fresh waters, respectively;

5. In2010-2019, an increase in water abstraction from the Vistula Basin (by 0.95% annu-
ally) was accompanied by a similar decrease in water abstraction from the Oder Basin;

6. In 2000-2019, the population in Poland decreased significantly (by an average of
16.7 thousand people per year), while total gross electricity production increased
significantly (by an average of 1174.3 GWh per year);

7. The increase in electricity production was accompanied by a decrease in cooling water
abstraction for electricity production due to significant changes in the structure of
electricity production, as well as to the fact that in newly built power plants closed-
loop systems are used instead of open-loop [36];

8.  In the future electricity policy of Poland until 2040 [25], the significant trends in the
share of the main energy sources in total gross electricity production largely coincide
with the trends observed over the last two decades (2000-2019);

9.  If the forecasts turn out to be true and the trends observed in 2000-2019 continue, this
should result in a further decrease in cooling water abstraction for electricity production;

10. The major unknown in EPP2040 is the planned introduction of nuclear energy. The
first nuclear power plant is to be built by 2033 in Pomerania [40,41], with sea water
used for cooling systems [42], which would not constitute an additional burden for
surface water resources;

11. Initial proposals for the location of further nuclear power plants point to places
located in the interior of the country [25]. For future nuclear energy in Poland, the
implementation of small modular reactors (SMRs) is being considered [45].

In the climate change context (projected increase in the frequency and magnitude

of droughts [46]; higher river water temperature during lower flows [65]), the required
solution is to prevent thermal pollution of surface water resources by limiting the release of
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cooling water to the aquatic environment. A promising direction in this respect is the further
increase in the share of renewables, mainly offshore wind energy, in the electricity sector.
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