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in Poland up to 2050. Master thesis in Sustainable Development at Uppsala University, No. 2021/26, 52 pp, 30 ECTS/hp   

Abstract:  

This thesis identifies the potential threats and impacts posed by climate change on the relationship between 
water availability and the Polish energy transformation sector. In doing so, the objective is to uncover and 
assess how vulnerable these components are to climate change. Poland provides an interesting case in a 
European context as the country’s energy sector is largely fueled by hard coal, and its established thermal power 
plant fleet requires large volumes of water at particular temperatures to operate at full capacity (Kosowski et 
al. 2019). Climate change is predicted to cause variations in temperature and precipitation which is likely to 
affect water availability (Schaeffer et al. 2012). This is set to place further strain on the relationship between 
water and thermal power plant operation. In addition, Poland has some of the smallest freshwater resources 
available per capita in the European Union and the country has already witnessed an increase in droughts and 
heatwaves which have had negative impacts on electricity generation (Manowska & Rybak 2018; Olszewski 
2015). The concern for Poland then is that climate change threatens the energy transformation sectors’ ability 
to provide access to electricity by continuing to affect water availability. To investigate this, the study conducted 
a vulnerability assessment that aimed to identify climate change exposure through the analysis of different 
climate models. A content analysis of relevant literature was used to identify potential climate change threats. 
To place the assessment in the Polish context, a case study was conducted on 14 hard coal thermal power plants 
located throughout the country. The data gathered from the case study was then evaluated and discussed in 
relation to the conceptual framework. The results found that climate change is indeed causing higher air 
temperatures which is likely to cause higher water temperatures as well as more extreme weather events. These 
trends are expected to continue well beyond 2050. Regarding water availability, it was more challenging to 
identify a significant change in precipitation trends but periods of intense rainfall and increases in mean water 
temperatures were observed. The thesis concluded that it is difficult to predict the exact degree of vulnerability 
of water availability and thermoelectric power operation. It does however recognize that there is a clear 
relationship between water availability and the functioning of thermal power plants. Therefore, it can be said 
that climate change will, to a certain extent, expose the two components to further vulnerabilities. Yet, further 
in-depth research is required to improve the reliability of the results. 
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Summary: This thesis identifies the potential threats and impacts posed by climate change on the relationship 
between water availability and the Polish energy transformation sector. In doing so, the objective is to uncover 
and assess how vulnerable these components in the energy transformation sector are to climate change. Poland 
provides an interesting case in a European context as the country’s energy sector is largely fueled by hard coal, 
and its established thermal power plant fleet requires large volumes of water at particular temperatures to 
operate at full capacity (Kosowski et al. 2019). Climate change is predicted to cause variations in temperature 
and precipitation which is likely to affect water availability (Schaeffer et al. 2012). This is set to place further 
strain on the relationship between water and thermal power plant operation. In addition, Poland already has 
some of the smallest water resources available per capita in the European Union and the country has already 
witnessed an increase in droughts and heatwaves which have had negative impacts on electricity generation 
(Manowska & Rybak 2018; Olszewski 2015). The concern for Poland then is that climate change threatens the 
energy transformation sectors ability to provide access to electricity by continuing to affect water availability.  

The thesis investigated this concern by conducting a case study on 14 hard coal fueled thermal power plants in 
Poland. These power plants were selected because they are fueled by hard coal and represent the largest plants 
in the country. The case study involved collecting data pertaining to the type of combustion technology as well 
as cooling technology used in the selected power plants, and where they abstract their water from. Together, 
these components helped illustrate the relationship between water availability and power plant operation and 
the results of this analysis were used to evaluate the vulnerabilities of the sector. To assess the degree of 
vulnerability to climate change of water availability and thermoelectric power plant operation, and the 
interrelationship between the two, several components were considered. In the results, the case study of the 
selected power plants provided an initial overall profile of the Polish energy transformation sector. Second, an 
evaluation of climate models based on available data was applied to determine the degree of exposure that is 
posed to the thermoelectric power sector and water availability due to climate change. Third, to illustrate the 
potential implications of the changes outlined in the exposure segment on water availability and electricity 
generation in Poland, a context analysis of relevant sources was used. Lastly, to generate a clearer visualization 
of these impacts, a table of the findings was provided. The results found that climate change is indeed causing 
higher air temperatures which is likely to cause higher water temperatures as well as more extreme weather 
events. These trends are expected to continue well beyond 2050. Regarding water availability, it was more 
challenging to identify a significant change in precipitation trends but periods of intense rainfall and increases 
in water temperatures were observed. While predictions were uncertain, it was found that river flows are likely 
to decline, especially in basins that were already experiencing lower discharge flows, but this varies 
geographically between regions in Poland. The thesis concludes that it is difficult to predict the exact degree of 
vulnerability of water availability and thermoelectric power operation. It does however recognize that there is 
a clear relationship between water availability and the functioning of thermal power plants. It can therefore be 
said that climate change will, to a certain extent, expose the two components to further vulnerabilities. Yet 
further in-depth research is required to improve the reliability of the results.  
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1. Introduction 

Energy and water are two fundamentally important resources for human and economic development 
(World Bank 2014). Society’s dependence on a reliable supply of the two resources have led them to 
become increasingly interconnected in various systems and this is particularly evident in the energy 
sector (Walton 2020). Energy is required to pump, treat, transport, and recycle water, while water is 
needed in large quantities in nearly all energy generation processes from hydropower production to 
cooling thermal power plants (Word Bank 2014). This suggests that a strain on the availability of one 
resource could have a negative impact on the operational capacity of the other (Walton 2020). 
Currently, anthropogenic climate change coupled with competing resource usage from urbanization, 
population growth and economic expansion is predicted to put further pressure on these two crucial 
assets (EEA 2020 a).  

For the energy sector, these pressures are anticipated to make the sector more vulnerable (Walton 
2020). In recent years for instance, there has been an increase in cases where low water availability 
and warm water temperatures have forced thermal power plants in Europe to significantly reduce 
their power generating capacity (Walton 2020). Seeing as water availability and air temperature are 
two critical elements that affect the operational capacity of many energy systems, particularly thermal 
power plants, climate change related hazards thus pose a significant concern for those countries 
whose energy mix constitutes predominantly of this type of technology for its electricity production 
(Pan et al. 2018). Hence, being aware of how constraints in one resource may affect another ought to 
be regarded as a highly important factor when it comes to finding sustainable solutions to interrelated 
problems (Smajgl et al. 2016).  

Poland’s energy sector provides a good example of this complex interrelationship. The extraction 
and combustion of hard coal and lignite have long been the backbone of Poland’s economic 
development (Kuchler & Bridge 2018) with hard coal-fueled thermal power plants producing 45.4% 
of the electricity in the country in 2020 (Jędra 2021, p.13). Thermal power plants require large 
volumes of water for cooling as well as particular temperatures in order to operate and the projected 
changes in climate conditions due to climate change threatens the reliability of electricity generation 
(Medarac et al., 2020). Water constraints as a result of heatwaves have already caused problems for 
the Polish energy sector, as was seen in the summer of 2015 where several power plants had to reduce 
their power generation (Medarac et al. 2018). Moreover, given that thermoelectric power generation 
accounts for 70% of the total water consumption in Poland (Cheng & Lammi 2016, p.40), it illustrates 
how significant it is to factor in the importance of water to the Polish energy sector and that 
fluctuations in water availability as a result of climate change could have substantial effects on the 
country’s energy generation (Medarac et al. 2018). 

On top of this, Poland’s membership in the European Union (EU) and therefore its obligations to 
meet the Unions’ climate objectives by 2030 and 2050, puts the Polish government in a difficult 
position (Gawlik 2018). Poland’s current hard coal thermal power plant fleet is frequently cited as 
being outdated, making them less efficient and leading to high greenhouse gas emissions and water 
withdrawals which are not in line with EU standards (Gawlik 2018). If Poland is to transition to a 
more low-carbon energy system, its energy mix will need to undergo a transformation in a way that 
also takes its water resources into consideration and refrains from continuing to place them at further 
risk (Medarac et al. 2018; Gawlik 2018). This means that the government is faced with the 
challenging task of planning for an energy future that needs to consider both internal as well as 
external factors and priorities (Gawlik 2018, p.230). 
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1.1. Literature review 

A considerable number of studies in English have been conducted on the hard coal sector in Poland 
over the years. Depending on the focus, the literature is generally dedicated to analyzing the sector 
from the production side (hard coal mining) or from the transformation side (electricity generation). 
The scope and time frames of the studies vary greatly, with some researchers choosing to focus on 
the long-term outlook for the future role of hard coal as a fuel source and its implications on the 
Polish energy sector (Gawlik et al. 2016; Gawlik 2018; Kamiński & Kudełko 2010; Manowska & 
Rybak 2018). More short-term studies focus on the technical side of hard coal production, such as 
infrastructure development trends (Rusin & Wojaczek 2015) or analyzing past and present outlooks 
for the coal market and coal supplies for power generation (Suwała 2008). Other researchers have 
taken a political economy approach to their research, opting to look at on coal prices in relation to 
the electricity and heat market (Nyga-Łukaszewska et al. 2020) or exploring coal demand and market 
power (Kamiński 2011). 

The conceptual frameworks and methodologies applied also vary depending on the research purpose 
and discipline. Studies related to economic aspects such as price, supply and demand and the coal 
market mostly rely on economic models in order to measure changes in these aspects or to predict 
future scenario outcomes (Skoczkowski et al. 2018; Suwała 2008). Mixed approaches based on 
literature reviews, qualitative research, in addition to quantitative comparative analyses are also 
prevalent (Qvist et al. 2020; Nyga-Łukaszewska et al. 2020) but they seem to be rarer.  

The impact that the EU’s decarbonization goal and climate policies have had on hard coal literature 
is fairly evident, with several articles focusing on sustainability developments in the sector (Suwała 
2008; Qvist et al. 2020). Likewise, several studies analyze political and economic feasibility of a 
coal-phase out in Poland (Brauers & Oei 2020; Li et al. 2020; Reniter et al. 2019; Grzyb & Wilkosz 
2017) and how environmental policies have impacted hard coal production and the Polish power 
sector in general (Skoczkowski et al. 2018; Kaszyński & Kamiński 2020). Studies dedicated 
specifically to energy security in connection to hard coal in Poland are less common. Szulecki and 
Kusznir (2017) point out that while environmental sustainability and perceptions of energy supply 
security at reasonable prices remain in the center of contemporary energy security discussions (Nyga-
Łukaszewska et al 2020; Manowska et al. 2017; Frączek et al. 2013), studies focused on the electricity 
sector in the context of energy security are still fairly uncommon in the academic literature. This was 
also found to be the case regarding the literature on Poland’s energy security. The decision taken by 
this study then to perceive the energy transformation sector as a vital energy system in relation to the 
country’s energy security seems to be a relevant choice. The author hopes that their research will 
contribute towards addressing the gap in the literature on this issue whilst also relating the concept 
to water security.  

In addition, the importance of water for coal-based electricity generation has received widespread 
attention in recent years, particularly in a climate change context (He et al. 2019; Behrens et al. 
2017). Majority of the research conducted on this topic however are mainly included in larger 
analytical studies on water use in the energy sector as a whole and do not only pertain to thermal 
power plants but also for other electricity generating technologies (Medarac et al. 2018; Kęsicki & 
Walton 2016; EEA 2017; EEA 2018 a & b, EEA 2019). These reports, especially at the EU level, 
tend to be broader in their approach and generally do not go into great detail about the impact of 
water related risks on electricity generation for instance.  

From a more technical perspective, several studies have quantified and projected water demand, 
consumption, and withdrawal rates of power generation in order to generate a better understanding 
of the relationship between water and electricity generation (Kablouti 2014; Pan et al. 2018; Medarac 
et al. 2018; Macknick et al. 2012). This being said, Macknick et al. (2012) stress that more research 
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needs to be conducted on the impact that power plants have on water resources, including the 
development of better water data collection in order to be able to make more accurate depictions of 
national and power plant specific data.  

Nevertheless, the interrelationship between water-use and the energy sector is not as commonly 
discussed in relation to Poland. This is likely due to the difficulty in finding appropriate data on 
water-use (historical and current) which complicates the process of quantifying water-energy related 
conflicts (Larsen et al. 2019). However, some extensive reports have been made at the EU level 
(Magagna et al. 2019; Dahl Larsen & Drews 2019; Medarac et al. 2018). Much like the EEA reports, 
Polish strategy documents such as the National Strategy for Adaptation to Climate Change (2013, 
pp.25-26) outline the potential risks posed to the energy sector by disruptions in water availability 
but the overview is also rather broad. One particular report by Cheng & Lammi (2016) looked at how 
the coal industry is intensifying the global water crisis using country-specific case studies where 
Poland was included. This report provided more details on water withdrawals of the industry and 
included suggestions on how to avoid a potential water crisis (Cheng & Lammi 2016). While the 
word “vulnerability” appears in a number of the mentioned reports (Cheng & Lammi 2016; Magagna 
et al. 2019, Medarac et al. 2018) none appear to have assessed the problems from a vulnerability 
perspective.  

Moreover, a number of studies have been conducted on China, as the country’s economic growth has 
in large been fueled by coal and there has been an increase in water-energy related conflicts (Shang 
et al. 2016; He et al. 2016). A focus on regional disparities in water-energy supply and demand were 
common approaches along with impact evaluations of various government policy initiatives (He et 
al. 2016; Shang et al. 2016). Zheng et al. (2016) address the issue of thermoelectric generation 
sector’s vulnerability to water scarcity and compiled their own vulnerability index to analyze the 
issue. They emphasize that applying an integrated water-energy nexus framework is helpful in 
identifying vulnerabilities in the energy sector and can be relevant when applied to risks posed by 
climate change (Zheng et al. 2016). Likewise, Schaeffer et al. (2012) point out that assessing the 
vulnerability of energy systems to climate change has only recently gained academic interest. 
Therefore, this study aims to add to this growing literature field by looking at the vulnerability of 
thermoelectric generation and water availability to climate change but with a focus on Poland. While 
the structure of Poland’s energy mix and water situation might not be unique from a global 
perspective, it does stand out in the EU which is why the country was selected as a case study for 
this study.   

1.1.1. Aim of the research and research questions 

In order for thermal power plants to operate at full capacity, a reliable supply of water as well as 
optimum water temperatures are required. Nearly all of the water used in the thermal power plants 
goes towards cooling. In Poland, 70% of the country’s total water consumption is used for cooling 
water, which is a considerably high number, especially considering that the EU average lies at around 
13% (Cheng & Lammi 2016, p.40). The energy transformation sector’s dependence on a reliable 
supply of water implies that any threats posed to the availability and quality of water may lead to 
severe problems in thermal power plants’ cooling ability. For Poland, this could potentially threaten 
the reliability of the energy sector’s electricity generation capacity. With climate change, variations 
in temperature and precipitation will affect water availability and quality in terms of temperature 
which in turn is set place further strain on the relationship between water availability and thermal 
power plant operation. 

The focus of this study then, is to identify the potential threats and impacts on the relationship 
between water availability and the Polish energy transformation sector caused by climate change. In 
doing so, the aim is to uncover and assess how vulnerable these components in the energy 
transformation sector are to climate change. Since most available long-range energy scenarios 
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prepared by the Polish government are planned out until 2050, the scope of the study extends to this 
year. The vulnerability element will be interpreted from a security perspective. Lack of water is a 
water security concern and the threat to the reliability of thermoelectric power plant operation posed 
by lack of water security could therefore also be considered a threat for energy security. Energy 
security is perceived as the protection of vital infrastructure from threats and the threat in question 
is both lack of water security and the combined threat that climate change poses to both. 

The research questions that were developed to achieve the aim are as follows:  

• What potential threats does climate change pose for water availability and the energy 
transformation sector in Poland?  

• How might this impact Poland’s water and energy security by 2050?  

In answering these questions, the study aims to contribute to the existing literature in hopes of 
generating a better understanding of water and climate related vulnerabilities within the energy 
transformation sector. 

1.1.2. Thesis outline 

To achieve this, the thesis will proceed as follows. Along with offering a literature review of the 
major sources and a presentation of the thesis’ central aim and research question, background 
information on the chosen topic is given. As the research is centered around Poland and the country’s 
energy transformation sector, a basic outline of its structure will be provided along an outlook on the 
future of hard coal in Poland. It then proceeds by clarifying the different types of thermal power plant 
infrastructures that exist and the types of cooling technologies that can be employed. This was done 
to provide the reader with a general insight into how thermal power plants operate. It then provides 
an overview of the status of Poland’s water resources which is important for the understanding of the 
central problem that the research addresses.  

After the background section, a clarification of the conceptual framework used in the research is 
presented along with an explanation of why this was found to be applicable to the topic. In this 
section, three key concepts were defined. They are energy security, water security and vulnerability. 
Presenting the concepts in this way allows for the reader to see the main perspective of the thesis as 
well as the direction that the analysis will take. After this, it discusses the research method that was 
applied to the analysis, which in this case is a case study of 14 hard coal fueled thermal power plants 
in Poland. The case study will be used to demonstrate the current situation of the Polish energy 
transformation sector. 

The result part of the thesis is comprised of the findings from the case study as well as two additional 
components. In order to be able to assess past and future climate trends, the study will rely on climate 
change models to identify changes in mean annual temperature and mean annual precipitation 
between different time periods. Following a content analysis, the research illustrates where potential 
vulnerabilities of water availability, and the energy transformation sectors are in relation to the 
findings from the climate trend section. This information will be analyzed and organized into a table 
that rates the degree of vulnerability from high to low probability. The outcome from the case study 
will then be related to the findings from the climate trend analysis and the impact analysis in order 
to demonstrate and discuss where the potential system vulnerabilities lie and how this may impact 
energy security and water security in Poland.  
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2. Background 

This chapter provides the necessary background information applied in this study. It begins with an 
outline of the Polish energy sector and follows this section with an outlook into the future of hard 
coal in Poland. It proceeds with an overview of existing infrastructure both in general as well as in 
Poland. It then presents an introduction to the different types of cooling systems that exist. The final 
section illustrates the current status of water resources in Poland. Together, these sections give the 
reader a general understanding of the present situation in the country and the direction that the study 
will take.  

2.1. Overview of the Polish energy sector 

It should first be clarified that the energy sector is an umbrella term commonly used in reference to 
the direct and indirect involvements of various stakeholders in primary energy production and energy 
distribution (Medarac et al. 2018). In this study, the use of the term “energy sector” means all 
activities concerning the following points (Medarac et al. 2018, p. 6):   
 
1) Energy production, concerning mining and excavation of solid energy carriers (coal, lignite, 
peat, uranium, and thorium) and including oil and gas extraction.  
 
2) Energy transformation, meaning the refining of crude oil and the production of electricity in 
all types of power plants apart from hydropower plants.   
 
However, in order to be in line with the study’s aim, the energy production side of the energy sector 
is beyond the scope of this study.  For the remainder of the thesis, the focus will thus be on the energy 
transformation sector only.  
 
The coal industry has played a significant role in the development of modern Poland and the 
perception of coal as a viable energy source remains fairly strong amongst the population (Grzyb & 
Wilkosz 2017). The country has had sufficient access to domestic reserves of both hard coal and 
lignite, which initially allowed for it to become less dependent on energy imports than other European 
countries (Gawlik 2018). After the Second World War, the industry was able to recover swiftly as it 
was relatively intact (Kuchler & Bridge 2018). Furthermore, coal production and the electricity 
generation sector became increasingly interlinked, which created a continued demand for domestic 
coal and led to the expansion of coal-fueled energy services (Kuchler & Bridge 2018). These factors 
have put the country in a unique position in Europe when it comes to its energy mix (Gawlik 2018).  
In 2020, the total available capacity of the Polish energy sector was 50.4 GW, where hard coal 
claimed the largest share at 24.3 GW (Jędra 2021, p.8). Lignite and hard coal together accounted for 
approximately 65% of the total share (Jędra 2021, p.8). While this is still a considerably high 
percentage, it should be noted that the share of achievable capacity of these two fuels decreased by 
5% from the previous year (Jędra 2021, p.8). This is mainly due to the construction of new gas units 
and renewable energy sources (RES) facilities (Jędra 2021). While the share of RES reached a 
historical high in 2020, making up 17.7% of the total share of electricity production, it is still 
considered to be less than what is required to meet the country’s international obligations (Jędra 
2021, p.8; Macuk 2020). From 2010 to 2019, electricity demand grew on average by 1.1% although 
Macuk (2020, p.18) points out that it is challenging to estimate the exact domestic demand for 
electricity largely as a result of the “growing importance of prosumer installations.” However, in a 
study made by Rybak & Włodarczyk (2020, p.5), predictions indicated that by 2030 the demand for 
energy generated from coal is set to increase by roughly 33%. 
 
Evidently, hard coal and lignite are the dominant energy fuels used in the energy transformation 
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sector (see Figure 1.). Electricity is mainly generated by commercial thermal power plants and a 
small number of combined heat and power (CHP) plants (Macuk 2020). Data from 2018 showed that 
the share of CHP plants in the total gross electricity generation was 17% (Eurostat 2020). In 2020 
the share of hard coal in electricity generation was 45.4%, which is a 2.7% decrease from 2019 where 
the share was 48.1% (Jędra 2021; Macuk 2020). In 2020, the total share of coal (hard coal and lignite) 
fell below 70% and the share of RES rose to 17.7% compared to 15.4% the previous year (Jędra 
2021; Macuk 2020). The State Treasury owned company Polskie Sieci Elektroenergetyczne (PSE) is 
the sole owner and operator of the transmission grid system (RAP 2018). In 2006, the Program for 
the Electric Power Sector was adopted which organized the existing state-owned entities into four 
vertically integrated groups that are in part privatized (CMS 2015; RAP 2018). These groups are PGE 
Polska Grupa Energetyczna S.A (PGE), TAURON Polska Energia S.A (Tauron), ENEA S.A (ENEA) 
and ENERGA S.A (ENERGA) (CMS 2015). Each group is responsible for the generation, 
distribution, and retail of electricity according to their given geographical service area (RAP 2018). 
Since then, the market has undergone a number of changes and new companies such as PGNiG and 
CEZ have been introduced, yet the four initial groups arguably remain the largest and most dominant 
players (CMS 2015). 

 

Figure 1: Overview of electricity production in 2020. (Jędra 2021, p.13) 

2.1.1. Future outlook of hard coal in Poland 

As illustrated in previous sections, the Polish energy sector is highly reliant on hard coal. It is 
estimated that the sector receives between 71-78% of the hard coal that is produced in Poland (Nyga-
Łukaszewska et al. 2020, p.4). Although the domestic production of hard coal has decreased in recent 
years, declining by 16% between 2011-2018, the country still remains the largest producer of the 
resource in the EU (Nyga-Łukaszewska et al. 2020; Gawlik et al. 2016). Continued pressure from 
climate policies and environmental regulations aimed at reducing the dependence of fossil fuels 
(including hard coal) in the energy sector will therefore prove to be a challenge for Poland’s energy 
policy in the future.  

The initial challenge is directed at the hard coal mining industry, as coal is planned to be gradually 
eliminated from the energy generation sector in the whole EU as a part of their zero-emissions by 
2050 target (Gawlik & Mokrzycki 2019). The rising costs of emission permits required as a part of 
the EU’s cap-and-trade system has also forced the current government, led by the Law and Justice 
Party (PiS), to change its stance on ending the country’s dependence on coal (Harper 2020). This will 
make it increasingly more difficult and expensive to exploit existing mine deposits in Poland (Plewa 
& Strozik 2017). The COVID-19 pandemic that dominated the year 2020 also severely impacted the 
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sector. The largest producer of hard coal, the Polish Mining Group (PGG), was forced to halt 
production due to virus outbreaks on the premises and the company lost around 123 million euros 
during the first half of 2020 alone (Wilczek 2020). Likewise, the demand for hard coal decreased 
globally and this is trend is predicted to continue (Wilczek 2020; Harper 2020). Sources also point 
out that, along with cost and demand concerns, Poland’s outdated extraction technology and the 
increased demand for greener fuels is inevitably making coal obsolete as a resource (Plewa & Strozik 
2017; Harper 2020). Consequently, in the newly adopted energy strategy entitled Energy Policy of 
Poland until 2040, the government together with the mining sector and mining union agreed on a 
historic deal to phase out all coal mines by 2049 (Harper 2020; Ministry of Climate & Environment 
2021).  

The policy document describes the future direction that Polish energy policy is expected to take 
(Ministry of Climate and Environment 2021). The main focus lies on how Poland will set out to 
transition its energy system into one that is low emission, in order to be in line with the targets and 
obligations directed both the Paris Agreement and the EU’s own climate strategy (Ministry of Climate 
and Environment 2021). A key point that can be drawn from this document is that hard coal will 
inevitably continue to remain a main component in Poland’s energy future. This notion is clearly 
reflected in the first specific objective which states that the country should consider “the optimal use 
of own energy resources” to cover domestic demand where needed (Ministry of Climate and 
Environment 2021, p.8). The plan does reiterate however, that the role of hard coal and lignite will 
be reduced in electricity production, aiming to decrease to 56% in 2030 and should CO2 emissions 
allowances continue to increase in price it is speculated that this figure will drop to approximately 
37% (Ministry of Climate and Environment 2021, p.8). After 2030, the target is to reduce the share 
even further to between 11% and 28% in 2040 (Ministry of Climate and Environment 2021, p.8). On 
the other hand, there are plans for new coal capacities to be built but they will be the last ones 
(International Trade Administration 2019). These units will be installed in existing power plants 
namely, 1075 MW unit in Kozienice, and a 910 MW unit in Jaworzno III (Gawlik 2018). In Opole, 
two 900 MW units have already been built using Ultra-supercritical (USC) technology (PGE Oddział 
Elektrownia Dolna Odra 2021). In addition, aside from the new Ostrołeka C power plant, the new 
capacities will be based on CHP technology (International Trade Administration 2019).  

The gap left behind by the phase out of coal will be difficult to fill in just 20 years and the government 
will need to speed up the transition considerably (Gawlik & Mokrzycki 2019). Wind power and 
photovoltaics will play a huge role in filling this gap (Harper 2020). The government asserts that 
RES inclusion in electricity production is set to increase to around 32% by 2030, which includes the 
development and expansion of photovoltaics and offshore wind farms in the Baltic Sea (Ministry of 
Climate and Environment 2021, p.8). 6-9 GW of nuclear power is also set to be introduced and the 
first plant could be employed by 2033 (Ministry of Climate and Environment 2021, p.56). Yet the 
idea of nuclear power in Poland has been discussed for years, with the idea remaining unpopular with 
the local population and experts being concerned over the lack of experience the country has with 
nuclear technology (Harper 2020; Gawlik & Mokrzycki 2019). It will thus be interesting to see if this 
project will actually be executed. 

2.1.2. Existing infrastructure 

Virtually all modern coal thermal power plants today operate using pulverized coal combustion technology, 
which proceeds to grind coal into a fine talcum-like powder that is then burned in order to heat water into 
high-pressure steam (Tan 2012). The high-pressure steam is what provides power for the plant’s electrical 
generator (Tan 2012). Improvements in power plant efficiency have been developed over time by enhancing 
the thermal efficiency of the plant which is achieved through increasing the steam pressure and temperature 
(Rademaekers et al. 2011). These improvements have led the combustion technology to be grouped into 
three categories: subcritical, supercritical (SC) and ultra-supercritical (USC) (Tan 2012; Burnard & 
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Bhattacharya 2011). It should be mentioned that there are two additional categories, namely circulating 
fluidized bed combustion (CFBC) and integrated gasification combined cycle (IGCC) (Burnard & 
Bhattacharya 2011). However, these developments are still considered to be fairly new and as a result, there 
are relatively few units with this type of technology currently in operation globally (Burnard & Bhattacharya 
2011).  

Furthermore, while more efficient technology such as SC and USC have existed since the 1960s, a 
significantly large portion of the global coal thermal power plant fleets continue to operate using inefficient 
subcritical technology (Tan 2012). This can generally be linked to cost concerns, as SC and USC units and 
upgrades tend to be more expensive to install (Burnard & Bhattacharya 2011). Table 1 provides an overview 
of the average efficiency percentages according to the different types of combustion technology (Tan 2012).  

Table 1: Average efficiency for different combustion technologies. Adapted from Tan 2012, p.54 

 
Most of Poland’s hard coal fueled power plants were built between the 1960s and 1970s, several of which 
are still in operation (Gawlik & Mokrzycki 2019). This had led many units to be perceived as obsolete due 
to their age and low efficiency (Kosowski et al. 2019; Gawlik & Mokrzycki 2019). Although updates have 
been made over the years, according to information provided by Carbon Brief.org (2020) subcritical 
combustion technology appears to still be the most widely installed technology. As of 2019, 57% of Poland’s 
total generating units were over 30 years old and some are even older (Gawlik & Mokrzycki 2019, p.5). The 
average efficiency level for majority of Polish power plants is 36% and some of the oldest ones even fall 
below 30% (Kosowski et al. 2019, p.2).  
 
Along with conventional thermal power plants, CHP plants also employed in Poland’s power plant fleet. 
CHP plants produce heat and thermal energy at the same time and recover the thermal energy that would 
normally be wasted (U.S Department of Energy 2017). CHP plants are typically employed in district heating 
power plants which are controlled by an electric power system (Sipilä 2016). The two most common CHP 
configurations involve the employment of either a reciprocating engine or gas turbine with heat recovery or 
by burning fuel in a boiler to produce steam which recirculates and covers the thermal needs of the system 
(U.S Department of Energy 2017, pp.1-2). Boiler and steam turbines are usually installed together with solid 
fuels (i.e hard coal) U.S Department of Energy 2017. In addition, CHP plants are highly fuel efficient in 
comparison to separated power and heat production plants (Sipilä 2016). Up to 30 to 40% of fuel energy 
can be saved although this depends on the size of the plant and the turbine technology (Sipilä 2016). These 
types of plants are also beneficial as they do not require additional electricity to be provided from a local 
utility and fuel does not need to be burned in an on-site boiler or furnace (U.S Department of Energy 2017). 
Also depending on their technology design, CHP systems can prove to be much more efficient than a 
conventional power plant. The total CHP efficiency includes both electricity and useful thermal energy and 
efficiencies can exceed 60%, even going up to 80% (U.S Department of Energy 2017, p.4).  

2.1.3. Types of cooling systems 

Substantial volumes of water are required at virtually all stages of the electricity generation process in order 
to cool the system generators which produce a lot of heat (Kęsicki & Wharton 2016). A number of factors 
impact the amount of water required such as the efficiency and turbine design of the power plant in question, 
however, the type of cooling technology installed is one of the most significant factors (Kęsicki & Wharton 

 Average efficiency % 
Subcritical 36 
Supercritical (SC) 45 
Ultra-supercritical (USC) >45 
Integrated gasification combined cycle 
(IGCC) 

42-44 
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2016). Cooling technologies can essentially be divided into two designs categories: once-through (open 
loop) and recirculating (closed loop) (Feeley III et al. 2007). Hybrid systems also exist and contain elements 
of both wet cooling and dry cooling systems (Pan et al. 2018). CHP plants are slightly different to 
conventional power plants as they rely on the district heating network for cooling and also require less water 
as they operate using a type of recirculating system (Pan et al. 2018; U.S department of Energy 2017). 
Larsen et al. (2019) point out that there is a limited amount of data concerning exact water usages in 
electricity generation and water usage of different cooling systems. This is largely due to the impact that 
geographical location and hydro-climatic factors have on the amount of water available for usage and not 
all countries have this type of information available. This leads to a number of uncertainties, as majority of 
the data on water use in the energy sector is either from the United States or the EU (Larsen et al. 2019). It 
was challenging to find data on how much water is used by cooling systems in Poland. Therefore, as an 
illustrative reference, Table 2 shows the trade-offs between different cooling systems, but these figures may 
not be 100% applicable to Poland’s energy system. Nevertheless, it provides a good overview of the 
differences in water withdrawal and consumption between the available technology. 

Table 2: The trade-offs between different cooling technologies for a fossil-fueled thermal power 
plant. Adapted from Lane et al. 2017 p. 109 

 Water 
withdrawal 
(m3/MWh) 

Water 
consumption 
(m3/MWh) 

Plant efficiency 
(Rank) 

Capital Cost (% 
of once through 
wet system) 

Once-through/open 
loop 

142.5 0.38 1 100 

Re-circulating/closed 
loop 

4.5 4.2 2 140 

Dry 0 0 3 420-560 

 
One-through systems use a local water source such as a lake, river, or water reservoir to directly withdraw 
from (Feeley III et al. 2007). Cold water is withdrawn, and warm water is returned to the source. It is often 
assumed that because once-through systems have a high-water withdrawal rate, they also consume large 
amounts of water internally. Yet this is not the case, as the water is returned to the source almost immediately 
once it has passed through the plant’s condenser, meaning that the system has no direct water consumption 
(Pan et al. 2018; Kohli & Frenken 2011).  
 
With recirculating cooling water systems, three common types can be identified namely: wet cooling towers 
(wet recirculating), cooling ponds (wet recirculating), and air cooled (dry recirculating) (Feeley III et al. 
2007, p.2). These systems withdraw water but do not discharge heated water back into the water source. 
Instead, the water is pumped through a cooling device such as a cooling tower, cooling pond or cooling 
canal (Tsou et al. 2013). The water is then cooled down and recirculated in a closed cycle to a condenser, 
allowing for minimal amounts of water to be lost in the process (Tsou et al. 2013). Wet cooling towers are 
used to disperse the heat from the cooling water into the atmosphere (Feeley et al. 2007). Cooling ponds or 
lake systems are used in place of a machine or cooling tower to perform the evaporation function and are 
used where land is available (Feeley III at al. 2007). 
 
Dry cooling systems are different as they practically do not require any water at all since air is used instead 
as the cooling medium. This can be done directly where the exhaust steam from the turbine is compressed 
into an air-cooled condenser or indirectly where a water-cooled condenser compresses the steam, and the 
water is recirculated back into the system (Tsou et al. 2013). These systems mean that both water 
consumption and withdrawal amounts are virtually non-existent (Pan et al. 2018). However, the drawback 
is that in turn the system can be affected by ambient air temperature and humidity (Tsou et al. 2013; Pan et 
al. 2018). In addition, the capital cost of operating such as system can be nearly ten times higher than a 
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once-through system for instance (Pan et al. 2018). This suggests that although large amounts of water can 
be saved, the cost factor is probably why many countries and energy companies are reluctant to install such 
technology (Pan et al. 2018).  
 
The exact type of technology used in all Polish thermal power plants could not be determined as no 
comprehensive list of this information exists to date. Yet, Cheng and Lammi (2016) state that all coal 
powered thermal power plants in Poland withdraw water from rivers or from artificially built lakes that are 
connected to or located near smaller rivers. Other plants mostly rely on water supplied from small, local 
rivers (Cheng & Lammi 2016). Based on this, it would seem that a large fraction of Polish thermal power 
plants uses once-through cooling systems. On the other hand, a study made by Medarac et al. (2018) found 
that nearly 75% of cooling systems in Europe use a closed-loop cooling systems with cooling towers while 
once-through systems only make up about 24%. This would then contradict Cheng and Lammi’s statements 
and suggest that perhaps closed-loop cooling systems are more common in Poland than imagined. In 
interviews of energy company representatives made by Baca-Pogrzelska (2020), this is also found this to 
be more probable. For instance, during the interview, representatives from Tauron claimed that 90% of their 
facilities use closed-loop cooling systems while PGE also assures that a number of their plants use closed-
loop systems as well (Baca-Pogrzelska 2020). One representative stated that Poland only has five plants that 
use OT cooling systems namely, the older units in the Kozienice power stations along with Połaniec, 
Ostrołęka B and Dolna Odra power plants, all of which are included in this study (Baca-Pogrzelska 2020).  

That being said, out of the 14 thermal power plants featured in this study, seven were found to operate 
using a once-through cooling system while six use a recirculating or closed loop system. The out of 
those six, two are CHP plants. Only one power plant, Rybnik in Silesia Voivodeship, uses both an 
open loop system and a recirculating system.  

2.1.4. Current status of water resources in Poland 

The quantity of available freshwater resources fluctuates naturally depending on the season, the 
geography of a region as well as on the type of water body (EEA 2012). While instances of droughts 
and flooding are seen as part of this natural variation, climate change combined with other 
anthropogenic pressures threaten the “normal” hydrological cycle that ecosystems, habitats, and 
human society has adapted to (EEA 2012). Climate change can be viewed as particularly concerning, 
as it is set to significantly alter the natural hydrological cycle whilst also causing higher air 
temperatures (Kubiak-Wójcicka & Machula 2020). Europe in general has relatively abundant 
freshwater resources yet they are also unevenly distributed across the continent (EEA 2012). As 
climate change is projected to increase the frequency and severity of extreme weather events such as 
droughts and floods, it could be detrimental to many countries’ freshwater resources (Eurostat 2021). 
Water scarcity is becoming more of a widespread concern across the continent and can be made worse 
due to water demand for human activities yet also as a result of reduced meteorological inputs (EEA 
2019 b, p.109). The term freshwater resource refers to the amount of available freshwater in an area 
and includes surface waters (lakes, rivers, and streams) as well as groundwater (Eurostat 2021).  

Poland’s freshwater resources are predominantly derived from extensive river networks and lakes as 
well as man-made water reservoirs and canals (Kubiak-Wójcicka & Machula 2020). There are nine 
designated river basin districts with the largest being the Vistula and Oder rivers (Ministry of Climate 
2019). The size of Poland’s water reserves depends largely on meteorological conditions as inland 
surface waters are replenished directly by precipitation and indirectly through snow meltwaters 
(Kubiak-Wójcicka & Machula 2020, p.2). In recent years, meteorological droughts have become 
more frequent and have led to water shortages as well as decreased river flows in many parts of the 
country (Kubiak-Wójcicka & Machula 2020).  

It is estimated that roughly 80% of Poland’s water use needs are met by surface water while 
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groundwater usage remains limited as it is mainly reserved for drinking water (OECD 2015). Industry 
is the largest user of freshwater whereby approximately 70% of the total water consumption in the 
country is abstracted for thermoelectric power generation alone (Cheng & Lammi 2016).  

Nevertheless, Poland has some of the smallest freshwater resources per capita in the EU (OECD 
2015). A common index to measure water stress is the Water Stress Index (WSI) which states that if 
the value of available freshwater resources per capita is below 1700 m3, “social stress and high levels 
of competition for water appear” (Kubiak-Wójcicka & Machula 2020, p.9). Kubiak-Wójcicka & 
Machula (2020) calculated that the average WSI value for Poland between 1999-2018 was around 
1566 m3 per year, indicating that Poland is experiencing a degree of water stress. Data from the 
World Data Lab (2020) appears to agree with this, illustrating that nearly 15% of Poland’s population 
live in areas threatened by water scarcity. Studies made by the European Environment Agency (EEA) 
also show that the Oder and Vistula river basins score high on the Water Exploitation Index (WEI) 
which compares water use with the available renewable freshwater resources in a territory in order 
to calculate the degree of water stress of a river basin in this case (EEA 2019 b; EEA 2018 b). Values 
over 20% signify that a basin is under considerable stress and the Oder basin was found to be at 
37.52% which is worrying (EEA 2019 b, EEA 2018 b). The Vistula basin, however, was below the 
critical threshold at 16.36% (EEA 2019 b, EEA 2018 b).  

Due to the geographical variations across different regions in Poland, the country’s freshwater 
resources are unevenly distributed, resulting in some regions having greater access and quantities 
than others. Water availability in the different regions may also be impacted by competing resources 
uses and population density for instance (OECD 2015). In addition, the Global Water Partnership 
Program (GWP 2014) stress that there is a degree of irregularity in the volume of available water 
resources in Poland as river flows change considerably according to the seasons and depending on 
the time scale. Sources also indicate that the country’s total reservoir storage is not large enough to 
accommodate temporary changes in water availability that are often related to extreme weather events 
such as floods and droughts (GWP 2014; Ministry of Climate 2019; OECD 2015). Consequently, the 
country struggles to capture sufficient volumes of freshwater, retaining only 6.5% of the territory’s 
total water flows (AFP 2019). 
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3. Conceptual framework and definitions 

The following chapter outlines the concepts, definitions and methodological approaches that are 
applied in this study in order to shape the selected method and tie it together with the overall 
structure of the research. In order to answer the research questions, there are three key concepts 
which need to be defined and understood.  
 
First, the terms energy security and water security are defined. As these concepts are broad and can 
be framed differently depending on the context, this study interprets these definitions in terms of 
accessibility and availability. Accessibility in the context of energy security refers to the ability of 
the infrastructure to provide society with access to electricity. Second, a definition of vulnerability 
is outlined to illustrate how vulnerability as a concept is understood in a climate change and security 
context relevant to this study. Lastly, this is further defined and expressed through a vulnerability 
assessment, which demonstrates how the concept will be assessed in relation to water security and 
energy security.  

3.1. Energy security 

The world’s dependence on energy to fuel vital social and economic sectors has led to increased 
concerns over ways in which to secure a reliable amount of it (Kruyt et al. 2009). As a result, energy 
security has over time developed into a critical issue for many stakeholders, such as businesses, 
policy makers, and society as a whole, whose standard of living depends greatly on the availability 
of energy (Ang et al. 2014). The interest in adding a security element to energy largely stems from 
the aftermath of the oil crises in the 1970s, where securing access to oil supplies became a central 
policy objective (Kruyt et al. 2009).  While new themes and dimensions have developed since then, 
no consensus on a comprehensive definition has been reached (Ang et al. 2014). The difficulty in 
achieving a universal definition of energy security comes down to context as well as the changing 
global agenda. Energy systems and therefore energy problems vary from country to country, leading 
to different perceptions and priorities when it comes to assessing potential security risks (Cherp & 
Jewell 2014). Likewise, depending on the values of different stakeholders and whether or not energy 
is framed as a service or a resource, price, concerns over demand and exports also come into play 
and this further adds to the elusiveness of the concept (Luft et al. 2011).  

Moreover, as the initial focus of energy security was on the availability of fossil fuels, much of the 
attention in the literature has been given to the primary energy supply side and crude oil in particular 
(Ang et al. 2015; Jewell et al. 2014). This being said, many popular definitions of the term still tend 
to discuss the energy security in relation security of supply, linking it in particular to physical 
availability of energy sources and their product price risks (Chester 2009; IEA n.d; Kruyt et al. 2009). 
In recent years however, it is fairly clear that the concept has developed further and become more 
intertwined with other concepts, resulting in a wider focus that includes economic and social welfare 
concerns as well as sustainability (Chester 2009; Cherp & Jewell 2014, Jewell et al. 2014). 

Contemporary energy security discussions have thus developed new parameters that go beyond 
securing the availability of primary energy supplies (Azzuni & Breyer 2018). As a result, a more 
systematic approach is needed to address the growing complexities that now face the concept (Jewell 
et al. 2014; Kucharski &Unesaki 2015). For that reason, while this study acknowledges that 
availability remains an important dimension to the concept, it chooses to narrow down the parameter 
to view energy security in terms of access. Availability from this perspective is discussed in relation 
to access to services which seems more suitable for this study as it focuses on the energy 
transformation and electricity rather than primary fuel supplies (Azzuni & Breyer 2018). Based on 
this notion, this study therefore interprets energy security as protecting energy systems whose failure 
may disrupt the functioning and stability of a society (Jewell et al. 2014, p.744).  
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The energy transformation sector can be considered as an energy system since electricity provides an 
essential societal and economical function that requires its infrastructure (thermal power plants) to 
be protected from potential risks and threats (Jewell et al. 2014; Ang et al. 2015). Less access to 
energy systems leads to energy insecurity and therefore secure infrastructure is essential for energy 
security (Azzuni & Breyer 2018). The concern for energy security in this study then is the anticipated 
disruptions to electricity generation due to low water availability and exposure to climate change 
which would impact the Polish transformation sector’s ability to ensure reliable access to electricity 
for society. 

3.2 Water security 

Water is a another fundamentally important resource for both human and environmental well-being 
(World Water Council 2018). In recent decades, there have been increasing reports about growing 
scarcity concerns for global water resources as well as incidents of more pollution (Mojska & Mojski 
2020). Likewise, extreme weather-related events such as flooding, and drought are also increasing in 
magnitude and frequency as a result of anthropogenic climate change (Grey & Sadoff 2007; Mojska 
& Mojski 2020). Thus, similar to energy, these factors have led decision makers to view water from 
a security perspective, as the absence of water would have significant impacts on socio-economic 
development (World Water Council 2018). Cook and Bakker (2012) highlight that the use of the term 
in academia varies depending on the discipline and this has resulted in its framings becoming more 
diverse. Similar to the conceptual development of energy security, what is evident in the 21st century 
is that water security has grown into a multi-level and integrative term that in some way recognizes 
human needs and environmental well-being whilst also considering more “traditional” indicators of 
quality and availability (Cook & Bakker 2012).  This integrative dimension is perhaps best reflected 
in the definition provided by Grey and Sadoff (2007), which reads: [water security is] “the 
availability of an acceptable quantity and quality of water for health, livelihoods, ecosystems, and 
production, coupled with an acceptable level of water-related risks to people, environments, and 
economies.” (Grey & Sadoff 2007, pp 547). 

What this definition illustrates is that physical availability is not the only factor that influences water 
security, but also appropriate quality (Mojska & Mojski 2020, p.421). Water has a “destructive” 
aspect to it where it is not only a lack of water that can cause problems but the presence of it can also 
pose a risk to vital systems (Grey & Sadoff, p. 547). This refers not only to direct physical damage 
from floods or tsunamis but also contamination in the form of pollution for instance (Grey & Sadoff 
2007). Grey and Sadoff’s (2007) definition also highlights the importance of water availability and 
quality to other elements and sectors, and therefore other security concerns, including energy 
security. Coming to terms with the complexity and cross-sectoral element of water security then 
requires an integrative approach that seeks to balance the protection of water quantity and quality as 
well as managing how water is used in different sectors (van Beek & Wouter Lincklaen 2014; 
Schaeffer et al. 2012).  

This study agrees with the idea of using an integrated approach and aims to add to it by focusing on 
water security from an availability of supply perspective. More specifically, it views water 
(in)security in terms of water scarcity, meaning that it is the physical shortage of available freshwater 
that poses a security risk to the system in question, which in this case is the energy transformation 
sector (van Beek & Wouter Lincklaen 2014). This is relevant considering that majority of thermal 
power plants in Poland rely on freshwater from rivers for cooling purposes and therefore river water 
supplies ought to be readily available and of an acceptable quality (Cheng & Lammi 2016). As Poland 
already has limited freshwater resources and its energy sector has been impacted by disruptions in 
water availability in the past (Cheng & Lammi 2016; Olszewski 2015), a lack of freshwater poses a 
risk for the energy transformation sector’s ability to provide Polish society access to electricity. 
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Climate change may further impact water security, and therefore energy security, subsequently due 
to the predicted changes it will have on the natural hydrological cycle and ambient air temperature 
(Kubiak-Wójcicka & Machula 2020). 

3.3 Vulnerability  

The term vulnerability is generally associated with the potential harm or damage that a particular 
system is likely to be exposed to as the result of a risk or threat (Ford et al. 2010). In scientific 
research, the term was traditionally used in natural hazards studies (Hinkel 2011). Yet, more recently 
it has been adopted by other academic fields and is now considered to be a key component in climate 
change research (Ford et al. 2010; Hinkel 2011). That being said, definitions and conceptual 
understandings of the term may vary depending on the academic discipline. Perhaps one of the most 
commonly cited definitions in the context of climate change comes from The Intergovernmental 
Panel on Climate Change (IPCC), who defined vulnerability in their Fourth Assessment Report (AR4) 
report as: “the degree to which a system is susceptible to, or unable to cope with, adverse effects of 
climate change, including climate variability and extremes” (IPCC 2007, p.6).  

Based on the IPCC definition, this study interprets vulnerability from both an energy security and 
water security perspective. Therefore, vulnerability is understood as the degree to which 
thermoelectric power infrastructure and water availability is susceptible to or unable to cope with 
climate change exposure (Krishnan 2016; IPCC 2007).  

The terms risk and threat tend to be used interchangeably but they differ slightly in meaning. Both 
refer to the factors that impact the sectors’ ability to perform its designated function (Kucharski & 
Unesaki 2015, p.30). However, risks usually develop internally within the system, while threats are 
the result of external factors (Axon & Darton 2021). The threat that will be evaluated in this study is 
considered an external threat and an environmental component of vulnerability, namely climate 
change (Kucharski & Unesaki 2015). 

3.3.1 Vulnerability assessment  

The study will incorporate the above understanding of vulnerability into a vulnerability assessment. 
The main objective of any vulnerability assessment is to collect evidence in order to be able to 
identify and assess who or what is vulnerable, to what it is vulnerable against and under which 
conditions (Downing 2017, p.2). As the energy transformation sector and water supplies are essential 
components for socio-economic development and therefore energy and water security, assessing their 
vulnerability can provide essential learning opportunities for long-term sustainable, energy planning 
and water management (Schaeffer et al. 2012). These findings could also be relevant in developing 
policies that aim to manage climate change impacts (Schaeffer et al. 2012).  

It should be noted that although vulnerability is an alluring concept to apply to climate change studies, 
the complexity of it makes it difficult to assess (Downing 2017). The existence of multiple definitions 
and interpretations are yet to be translated into a clear and readily available approach or methodology 
when it comes to assessing vulnerability (Costa & Kropp 2013).  

Having said that, several contemporary vulnerability frameworks interpret vulnerability as a function 
of three components, namely exposure, sensitivity, and adaptive capacity (IPCC 2007; Ludena & 
Yoon 2015). Exposure is regarded as the extent to which a sector, ecosystem, or population for 
instance, is subjected to climate impacts and variations (Downing 2017). Sensitivity refers to “the 
degree to which a system is affected, either adversely or beneficially by climate variability or 
change” (IPCC 2007, p.881). Lastly, adaptive capacity is a system’s ability adjust and cope with the 
stress brought out by climate change (IPCC 2007, p. 869). Factors that my influence adaptive 
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capacity include wealth, available technological options, resources access and so forth (Downing 
2017). These three components combined are used to evaluate the possible impacts of climate change 
(EEA 2017). Researchers such as Costa and Kropp (2013) however argue that while this may seem 
like a straightforward framework, in reality they are difficult to operationalize as the definitions are 
broad and require further clarification. Likewise, they also require multiple stakeholder engagement 
and considerable amounts of time and resources to complete, especially at a national level (Costa & 
Kropp 2013).  

This study shares this sentiment by Costa and Kropp (2013) and while it recognizes that framework 
above is a widely accepted approach to measuring vulnerability, it was found to not be entirely 
compatible with the direction the author wanted to take. This is due to the limited timeframe and 
resources allocated for this project. As a result, this study has adapted elements from this framework 
into its own. First it will evaluate observed past climate trends, and extremes as well as their future 
projected counterparts across Poland (GIZ 2014). This is to determine the degree of exposure that is 
posed to the thermoelectric power sector and water availability due to climate change. Based on 
available data, the climate models selected for evaluation focus on changes in average temperature 
as well as changes in annual precipitation. Future projections are commonly analyzed from different 
Representative Concentration Pathways (RCPs) scenarios (Feyen et al. 2020). RCPs are greenhouse 
gas concentration trajectories adopted by the International Panel on Climate Change (IPCC) and are 
commonly used to illustrate different climate futures depending on the volume of greenhouse gases 
that are emitted in the coming years (Feyen et al. 2020). The study uses two emissions scenarios, 
namely RCP 4.5 and RCP 8.5. RCP 4.5 is regarded as a moderate emissions scenario where emissions 
are set to peak around the year 2040 and then decline. RCP 8.5 on the other hand, is regarded as a 
more severe scenario whereby emissions will continue to increase long into 21st century (Feyen et 
al. 2020).  

Secondly, to see in which ways the outcomes of climate change could impact the infrastructure and 
water availability, a content analysis will be conducted of existing documents that focus on this topic.  

In light of this, it should be acknowledged that assessing climate change, especially future trends, 
comes with a degree of uncertainty (IPCC 2007). Therefore, it cannot be said with exact certainty 
which trends exactly will come to affect the vulnerability of water availability and thermoelectric 
power generation. What can be done to deal with the aspect of uncertainty is to evaluate and group 
the impacts according to a “likelihood” description (Downing 2017). The IPCC (2007, p.4) outlined 
a set of probabilistic terms that can be applied to quantify the degree of uncertainty (see Table 3). 
Although quantifying climate change vulnerabilities according to these terms does not remove the 
uncertainty entirely, it could certainly help provide a better understanding of the levels of uncertainty 
that are being delt with (Climate ADAPT n.d). Thus, for the final conceptual component, the study 
will categorize the results from the climate trend analysis and the impact evaluation into a table 
according to the level of confidence of them occurring. This will provide sufficient data that could 
then be discussed in relation to the findings from the case study which will be further defined in the 
method section.   
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Table 3: Probability scale from 0-100% probability. Adapted from IAEA (2019, p.9) 

Terminology Likelihood of occurrence 
Virtually certain 99–100% probability  
Extremely certain 95–100% probability 
Very likely  90–100% probability 
Likely 66–100% probability 
More likely than not >50–100% probability 
About as likely as not 33–66% probability 
Unlikely 0–33% probability 
Very unlikely  0-10% probability 
Extremely unlikely 0-5% probability 
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4. Method 

This chapter presents the method applied in this study. It also illustrates its relevance to the research 
problem in order to ensure clarity and consistency throughout the research process. The conceptual 
framework adopted in the previous section illustrated the direction that the study takes to assess the 
potential vulnerability of thermoelectric power plant operation and water availability to current and 
future climate change exposure. The chapter begins with an explanation of case study methodology 
and follow with a case description. The following section addresses how the study intends to 
operationalize the conceptual framework. Lastly, it outlines how data is collected and the limitations 
of the study.  

4.1. Case study methodology  

In order to place the vulnerability assessment into the Polish context, a case study method was 
selected. Case studies are valuable as they allow for in-depth empirical research into a topic (Yin 
2009). Likewise, the use of case studies in vulnerability research can be to shed further light on the 
underlying causes of vulnerability and illustrate how these components interact (Ford et al. 2010). 
They may also provide opportunities to identify ways to reduce vulnerability which in turn could 
enhance current as well as future climate change adaptation efforts (Ford et al. 2010). Although the 
use of case studies as a method is often criticized for being difficult to replicate in a broader or more 
general scale, the deeper analysis that it allows for can be particularly relevant in situations where a 
fuller understanding of why and how phenomena occur is required (Orum 2001). However, given that 
the study applies a vulnerability assessment as the overall conceptual framework together with the 
case study, it would suggest that there might be potential for the knowledge uncovered in the results 
to be applied to other studies or situation (Orum 2001).  

4.1.1. Case description  

 The case study focuses on the energy transformation sector in Poland where 14 hard coal-fueled 
thermal power plants with a minimum generating capacity of 400 MW were selected as the main 
units for analysis (see Table 4). The thermal power plants were selected based on their generating 
capacity, the fact that they are currently in operation and that they are fueled by hard coal. Hard coal 
accounts for the largest share of the Polish energy mix and thermal power plants thus make up the 
bulk of the entire commercial energy sector (Macuk 2020), which is why the study has chosen to only 
concentrate on hard coal fueled thermal power plants. In addition, due to time constraints, the project 
will only focus on large plants in the country and therefore plants with a generating capacity smaller 
than 400MW are not included in the case study. A map of the thermal power plants’ location is 
provided in the result section (see Figure 2).  

The purpose of the case study is to determine the type of combustion technology as well as cooling 
technology, and where they abstract their water from. These components help illustrate the 
relationship between water availability and the energy transformation sector and can also be useful 
components in revealing the vulnerabilities of the sector. This is largely due to the fact that the type 
of combustion technology determines the efficiency of the thermal power plant and the cooling 
system technology affects the plants’ water requirements (Pan et al. 2018). The age of the thermal 
power plant units is valuable to consider as it could also impact the efficiency of the plant. 
Determining the water source is relevant when it comes to water availability, as a reliable supply as 
well as quality water temperatures are crucial for the operation of the plant (Pan et al. 2018). The 
results of this analysis are later discussed in relation to the conceptual components that were outlined 
in the previous section.  
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Table 4: Background information of the featured thermal power plants (TPP) 

TPP Name Location (City 
and Voivodeship) 

Gen. 
Capacity 

(MW) 

 Units Year of 
commissioning 

(first unit) 
Łagisza 1 Będzin, Silesia 700 3 1966 
Łagisza III Będzin, Silesia 905 4 1966 
Jaworzno III Jaworzno, Silesia 1345 7 1977 
Łaziska Łaziska Górne, 

Silesia 
1155 6 1960 

Rybnik Rybnik, Silesia 1775 8 1972 
Skawina Skawina, Małopolska  440 4 1961 
Siersza Trzebinia, 

Małopolska  
557 4 1969 

Siekierki Warsaw, Mazovia 591 4 1961 
Żerań Warsaw, Mazovia 586 4 1964 
Ostrołęka B Ostrołęka, Mazovia 681 3 1972 
Kozienice Kozienice, Mazovia 4015 11 1972 
Opole Opole, Opole  3342 6 1993 
Połaniec Połaniec, 

Świętokrzyskie  
1657 7 1979 

Dolna Odra Nowe Czarnow, 
Zachodniopomorskie  

1350 6 1974 

 

4.1.2. Data collection  

Data was collected using a mixed-method approach, as both qualitative and quantitative data provide 
different types of data which can provide a stronger understanding of the problem at hand (Creswell 
and Creswell, 2018). To answer the research questions, the project will require quantitative models 
of climate change trends along with a more qualitative evaluation of vulnerability based on previous 
literature. The first part of the result is based on an analysis of several climate models which illustrate 
current climate determinants as well as future climate projections under two RCP pathways. The 
second part is based on results of a content analysis of previous literature that focus on potential 
climate change impacts on water availability and energy infrastructure (Ebinger & Vergara 2011; 
Kovats et al. 2014; EEA 2019 a; IAEA 2019; Bisselink et al. 2020; Kubiak-Wójcicka & Machula 
2020; Webber 2016). The information from both analyses will be compiled and categorized into a 
table according to the level of confidence of the impacts occurring (IPCC 2007).  

The climate models were obtained primarily from the Polish Institute of Meteorology and Water 
Management (IMGW) as they provide current and future data on air temperature and precipitation of 
the specific regions in Poland along with national overviews (IMGW 2020; IMGW 2021). This will 
be supplemented with a synthesis of the models made available in the latest Working Group II IPCC 
report (Kovats et al. 2014) along with data from the World Bank Group’s Climate Change Knowledge 
Portal (WBG n.d a, b & c) who have a record of historical climate data (1900-2016). These will serve 
as a basis for the section on exposure. Secondary data was collected and synthesized from the 
European Environment Agency (EEA 2012; EEA 2017; EEA 2018 a &b, EEA 2019 a &b, EEA 2020) 
as well as other credible sources such as peer-reviewed publications and reports. National policy 
documents such as the National Adaption Strategy will be collected from the Klimada 2.0 portal of 
the Ministry of Environments webpage (Klimada 2.0 n.d; Ministry of Climate 2013).). Additional 
policy documents used in the discussion include: Energy Policy until 2040 (Ministry of Climate and 
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Environment 2021), and the National Energy and Climate Plan for 2021-2030 (Ministry of National 
Assets 2019). The EU’s own statistical website Eurostat also provided statistics for CHP plant 
installations and on water resources (Eurostat 2020; Eurostat 2021). 

Statistical data pertaining to the thermal power plants were selected from four data bases: Energy 
Intstrat (Energy Instrat 2020), Europe Beyond Coal (EBC 2020), Carbon Brief (Evans & Pierce 2020) 
and the Global Energy Observatory (Global Energy Observatory 2020). The decision to use 
information from databases stems from the fact that the databases contained different statistics and 
therefore information from all there needed to be combined to provide a complete dataset for this 
analysis. Sustainability reports, annual reports and environmental reports from the energy companies 
featured were also used to provide information that the databases did not have such as water sources 
and cooling plant technology (PGNiG 2018; PGNiG 2021 a & b; TAURON Wytwarzanie S.A 2018; 
TAURON Wytwarzanie S.A 2021 a, b & c; PGE 2019; PGE Oddział Elektrownia Rybnik 2021; PGE 
Oddział Elektrownia Dolna Odra 2021; Enea 2016; Enea 2017; Enea 2021; CEZ Group Polska 2021 
a &b; Energa S.A n.d; Energa SA 2015, Energa S.A 2019). 

4.1.3. Operationalization of conceptual framework 

To assess the degree of vulnerability to climate change of water availability and thermoelectric power 
plant operation, and the interrelationship between the two, several components need to be taken into 
account. First, the case study of the selected power plants will provide an initial overall profile of the 
system that is being analyzed, namely the energy transformation sector. It will provide the technical 
specifications and the geographical locations of the thermal power plants. Second, an evaluation of 
climate models based on available data will be applied to determine the degree of exposure that is 
posed to the thermoelectric power sector and water availability due to climate change. The following 
step is to illustrate the potential implications of the changes outlined in the exposure segment on 
water availability and electricity generation in Poland. Lastly, to generate a clearer visualization of 
these impacts, a table of the findings will be provided.  

This being said, while there are some limitations, the data that this approach generates will 
nonetheless allow for a satisfactory analysis of the potential implications that climate change 
exposure will have on water availability and thermoelectric power plant operation. 

4.2. Limitations 

The initial limitation that concerns this project pertains to the models used to evaluate exposure. 
Climate change projections come with a degree of uncertainty, particularly in predicting future 
trends. Therefore, while the models selected for analysis are believed to be of a high standard, it is 
ultimately difficult to make exact predictions of how climate and weather trends will behave. It is 
also challenging for models to differentiate between natural climate variations and variations caused 
by anthropogenic activities, and predictions over what will happen in the future is largely dependent 
on how mitigation targets for greenhouse gas emissions are met (Füssel 2019). Therefore, the climate 
models that were analyzed should be viewed with some skepticism. Likewise, when it came to finding 
studies conducted on river flow changes and river flooding, it was noted that the literature highlighted 
difficulties in distinguishing the climate change factor from natural variability and potential human 
impacts (Szwed 2019; Kundzewicz et al. 2018). This means that the few studies that were found also 
deal with a degree of uncertainty. Likewise, data gaps can appear in certain databases such as 
EUROSTAT and AQUASTAT which some of the secondary sources rely on and this may lead to 
underestimations of the statistics used in their predictions.  

In addition, while the interconnections between energy and water have been recognized in academia 
as well as by governmental organizations, there is limited available data that make it easier to analyze 
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water-energy interlinkages. Energy and water data is commonly recorded separate from each other, 
meaning that water availability statistics for instance are often not sufficiently included in energy 
sector management plans (Larsen et al. 2019). This was found to be applicable to this study as well, 
as it was a challenge to find a consistent data set in English related to water usage in relation to 
electricity generation and cooling technology in particular, in Poland. As a result, the study relied on 
broader studies (Lane et al. 2017) one of which featured Poland (Medarac et al. 2018) but it did not 
distinguish between coal and lignite plants when it came to water withdrawals and consumption 
amounts, which can be seen as a constraint. Nevertheless, it was still appropriate to use as it did 
reflect the vast amounts of water that the energy transformation requires.  

The conceptual framework used was adapted from a well-known vulnerability assessment framework, 
and this study recognizes that different approaches can be used to address energy-water related 
vulnerabilities. It also accepts that other approaches may bring about different results from the ones 
presented here.  

Lastly, as the author of the thesis is not fluent in Polish, there were some minor difficulties with 
translation when it came to a few of the environmental reports and documents provided by the energy 
companies as they were only available in Polish. Likewise, some statistics were difficult to find due 
to it only being accessible in Polish and while the translation tools that were used provided some 
assistance, it was felt that they did not provide accurate enough translations for the information to be 
used and understood. This being said, it is likely that more has been written on the topic of the thermal 
power plant operation in relation to water availability in the context of climate change, but these 
sources could not be properly accessed due the language barrier. 
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5. Result 
In this chapter, the results of the exposure and climate change impact analyses that were conducted 
are presented. It begins by highlighting the data analyzed from the 14 thermal power plants and then 
proceeds to describe exposure as illustrated by current trends and future climate projections. After 
this the results from the content analysis on potential climate change impacts will then be explored 
and lastly, the table with the compiled data of the potential impacts according to the level of 
likelihood is presented.   

5.1.  Overview of the 14 thermal power plants 

Five of the selected power plants are located in the Silesian voivodeship, four in the Mazovian 
voivodeship, two in Małopolska voivodeship and the remaining three power plants are located in 
Opole, Świętokrzyskie and Zachodniopomorskie voivodeship (see Fig 2). Silesia, Małopolska, and 
Opole voivodeship are located in the south-western part of the country, bordering the Czech Republic 
and Slovakia (Statistics Poland 2021). Mazovia voivodeship is home to the national capital, Warsaw, 
and is situated in the central northeast (Statistics Poland 2021). Świętokrzyskie voivodeship lies to 
the south of Mazovia, more to the southeast (Statistics Poland 2021). Lastly, Zachodniopomorskie 
voivodeship is in the northwestern part of Poland on the Baltic Sea coast and shares an eastern land-
border with Germany (Statistics Poland 2021).  Voivodeship is the Polish name for an “administrative 
unit” or province.  
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Figure 2: Map illustrating the location of the featured thermal power plants (TPP). They have been color coded by 
voivodeship for better clarity. The yellow indicator shows Dolna Odra TPP in Zachodniopomorskie voivodeship, the 

dark pink is Opole TPP located in Opole voivodeship, the purple indicators show the four plants located in Silesia 
voivodeship, light blue represents the plants located in Małopolska voivodeship, the orange indicator is Połaniec TPP in 

Świętokrzyskie voivodeship, and lastly the dark blue indicator highlight the four plants in Mazovia voivodeship. 
(Source: Made by the author in My Google Maps). 

Currently, there appears to be no comprehensive dataset that specifies the exact cooling method and 
water withdrawal source of all thermoelectric power stations operating in Poland. As a result, the 14 
thermal power plants analyzed in this study have been categorized by generation capacity in 
megawatts (MW), the type of plant (combined heat and power or conventional power plant), cooling 
method (open loop, closed, or hybrid) and by cooling water withdrawal source (river, reservoir, or 
other) (see Table 4). This information has been verified by official company documents from the 
respective energy companies (PGNiG 2018; TAURON Wytwarzanie S.A 2018; TAURON 
Wytwarzanie S.A 2021 a, b & c; PGE 2019; PGE Oddział Elektrownia Rybnik 2021; PGE Oddział 
Elektrownia Dolna Odra 2021; Enea 2016; Enea 2017; Enea 2021; CEZ Group Polska 2021 a &b; 
Energa SA n.d; Energa SA 2015; Energa 2019). Air cooled systems were not included as no such 
system is currently installed at any of the selected thermal power plants. It should also be clarified 
that all 14 thermal power plants rely purely on freshwater rather than tidal or sea water. 
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Table 5: Division of the power plants featured in this study according to technology 

TPP Type of 
plant* 

Gen. 
Capacity 

(MW) 

Cooling 
system 

Combustion tech. Water source 

Łagisza 1 CHP 700 Closed cooling Subcritical Przemsza river 
Łagisza 3 CHP 905 Closed cooling Subcritical Przemsza river 
Jaworzno 
3 

PP 1345 Closed cooling Subcritical Biała Przemsza 
river 

Łaziska PP 1155 Closed cooling Subcritical Recycled water 
Rybnik PP 1775 Hybrid Subcritical Rybnik dam 

resevoir  
Skawina CHP 440 Open cooling Subcritical Laczany-skawina 

canal 
Siersza PP 557 Closed cooling Subcritical Reservoir,  

Kozi Bród stream 
Siekierki CHP 591 Open cooling Subcritical Vistula river 
Żerań CHP 586 Open cooling Subcritical Żerań canal 
Ostrołęka 
B 

CHP 681 Open cooling Subcritical Reservoir, Narew 
river 

Kozienice PP 4015 Open cooling Subcritical Dam, Vistula river 
Opole PP 3342 Closed cooling USC/Subcritical Mała Panew river  
Połaniec PP 1657 Open cooling Subcritical Reservoir, Vistula 

river  
Dolna 
Odra 

CHP 1350 Open cooling Subcritical Odra river 

* CHP= combined heat and power, PP=conventional power plant (power only) 
 
Outdated infrastructure and low efficiency are two main critiques that arise in discussions 
surrounding the Polish thermoelectric sector (Gawlik 2018). This sentiment is reflected in the data 
found, as all power plants featured use subcritical technology which has the lowest efficiency 
capacity of all available technology (see Table 1). Opole power plant is the only one that stands out 
in this case. Two out of its six operating units were installed with USC technology in 2019, both with 
905 MW capacity (PGE Oddział Elektrownia Dolna Odra 2021). These units are more efficient than 
its subcritical counterparts, producing a net energy efficiency of roughly 46% (PGE Oddział 
Elektrownia Dolna Odra 2021).   

The age of the infrastructure in existing power plants across the country varies from plant to plant. 
According to Gawlik & Mokrzycki (2019) generating units that have been in operation for less than 
10 years only represent 10% of the total power structure. They also illustrate that 57% of all 
generating units in the country are over 30 years old (Gawlik & Mokrzycki 2019). Out of the thermal 
power plants featured here (see Table 3), seven plants opened their first unit in the 1960s, six opened 
theirs in the 1970s and only one power plant, Opole, opened their first unit in 1993. While majority 
of the featured power plants have undergone some upgrades to their infrastructure in order to be in 
line with emission reduction targets for instance, very few have done so in the last 10 years (Rybak 
& Włodarczyk 2020).  
 
Geography and pre-existing conditions play a large role in the selection of power plant technology 
(IAEA 2019). Since Poland has an extensive river network and two large river basins, it makes sense 
that majority of the thermal power plants featured rely on rivers as a source for cooling water (Rybak 
& Włodarczyk 2020). CHP plants located near larger cities, such as Żerań and Siekierki in Warsaw, 
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rely on the same river as the local inhabitants (Cheng & Lemmi 2016). Open loop cooling systems 
appear to be the most common, especially amongst some of the larger plants like Połaniec, Kozienice, 
and Dolna Odra. Rybnik power plant is the only plant using a hybrid system. While it remains unclear 
exactly how it works, the plant essentially relies on water from a nearby reservoir located on the 
river, which is meant to give it more flexibility and reliability during periods of high temperatures 
(Baca-Pogrzelska 2020). As mentioned in the background section, open-loop cooling systems 
withdraw more water yet consume less (Webber 2016). Closed-loop cooling systems which rely on 
cooling towers withdraw less water but consume more. Deciding on which system is the “best” all 
comes down to the local setting and circumstances, yet generally consensus largely agrees that 
closed-cooling systems have a better advantage over the other as they have less of an environmental 
impact (Webber 2016).  
 
While the exact water withdrawal and consumption rates could not be found for the individual power 
plants, Table 6 illustrates the amount of water used by the sector as a whole. In 2015, solid fuel power 
plants constituted of nearly 45% of the entire energy sector’s total water withdrawals and roughly 
34% of the sectors total water consumption (Medarac et al. 2018). While these figures do not 
distinguish between hard coal and lignite fueled power plants, it still paints an illustrative picture of 
the vast amounts of water that the sector requires. Medarac et al. (2018) estimate that between 80-
90% of this water goes towards cooling purposes alone, which is quite significant. As can be seen, 
these amounts are predicted to decrease by 2050, due to the reduction of hard coal production and 
increase in RES installations as a part of the low-carbon transition. 

Table 6: Estimated water withdrawal and water consumption statistics for the energy 
transformation system in Poland in million m3. Adapted from Medarac et al. 2018 

Water withdrawal 2015 2020 2025 2030 2035 2040 2045 2050 

                  
Total energy 
system 

10 431 10 359 9846 9400 7540 5351 4695 4308 

Transformation 
sector 

4782 5079 5098 5308 4076 3438 3181 2893 

Power plants 
(Solid fuels) 

4738 5016 4568 4784 3565 2210 1743 1528 
         

Water 
consumption 

2015 2020 2025 2030 2035 2040 2045 2050 

                  
Total energy 
system 

646 624 570 595 495 403 377 352 

Transformation 
sector 

250 262 283 323 280 249 245 230 

Power plants 
(Solid fuels) 

220 219 205 205 160 115 107 96 

 

5.2. Exposure 

This sub-section presents the result of the exposure analysis. It initially provides a description of 
observed climate trends for both air temperature and annual precipitation. The next sections look at 
future climate projections, also for air temperature and annual precipitation.  
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5.2.1. Observed climate trends 

The climate in Poland is classified as temperate with predominantly continental characteristics 
combined with maritime influences in the northern part of the country due to its close proximity to 
the Baltic Sea (Ministry of Climate 2019). A continental climate usually entails short, hot summers 
and long, cold winters yet this may vary to an extent depending on the region, as altitude plays a 
large role when it comes to temperature and precipitation variability (EEA 2020 a). In addition, due 
to the presence of both maritime and continental climate influences, fairly large variability in day-
to-day and year-to-year weather patterns commonly occurs (Szwed 2019, p.1004).  

The Ministry of Climate (2019) identifies the south western and mid-western part of Poland as the 
warmest region and the north-eastern and southern mountainous areas as the coldest. Precipitation is 
also unevenly dispersed, with the north western, far southern, and southern mountainous areas 
receiving the most annual precipitation in the country (IMWM 2021). The geographical distribution 
of precipitation and annual temperature within the country can be seen in Fig 3.  

 

Figure 3: Precipitation totals and mean temperature for the period 1981-2010 (source: IMGW 
2021). 

Regarding temperature, based on historical data (1901-2016) a clear warming trend is visible for the 
whole country (WBG b, n.d). It was observed that the period between 1991-2016 was 1.25 degrees 
warmer than the period between 1901-1930, which is fairly significant. Data from the IMGW (2021) 
illustrated that it was also clear that majority of the warmest recorded years were in the 2000s onward, 
with the warmest recorded years to date being in 2017, 2018 and 2019, respectively. These 
observations also appear to be consistent with temperature trends calculated by the EEA (2020 b). 
Their figures for Poland indicate that the mean annual temperature between 1960-2019 showed a 
warming trend of 0.35-0.4oC in the recorded period across the southern half of Poland while the 
northern half saw a 0.3-0.35oC warming trend (EEA 2020 b).  
 
Precipitation on the other hand, is often cited as being difficult to model due to spatial and temporal 
variability and consequently, it can be more challenging to identify precipitation trends (IPCC 2014; 
Ministry of Climate 2019). That being said, historical records (1901-2016) show that on a national 
level there have not been any largely noticeable changes in rainfall trends (see Fig. 4) (WBG b, n.d). 
The records also do not indicate a substantial growing trend in the amount of rainfall. Although, this 
does not mean that changes could not occur in the future. The most noteworthy change occurs 
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between the periods 1901-1930 and 1931-1960 where there is a 6.72 mm drop from the first period 
to the second.  
 

 

Figure 4: Mean annual rainfall for Poland for four 29-year periods, mean calculated from World 
Bank Group Climate Change Knowledge Portal (b, n.d). 

Precipitation trends were also analyzed during winter (December-January-February) and summer 
(June-July-August) by the EEA for the period 1960-2018 (EEA 2019 c). Their study observed trends 
in maximum annual five-day precipitation levels over Europe in order to note any extreme trends in 
rainfall intensity (EEA 2019 c). For Poland, again no statistically large trend was observed but a clear 
geographical distribution could be noted. During winter, the whole country saw between a 0 to 1 mm 
per decade increase in rainfall apart from in the south western mountainous region and a smaller area 
in the north west which received 0 to -1 mm less rainfall. In summer however, more rainfall was 
noted in the northern part of the country, ranging between 1 to 4 mm increase per decade while the 
central and southern region experienced less rainfall (see Fig 5.) This difference is largely due to the 
variations in landscape in the different regions (Ministry of Climate 2019; Szwed 2019). As 
mentioned, northern Poland has higher altitudes with more hills and its close proximity to the Baltic 
Sea also influences precipitation while the central region is notably characterized by extensive 
lowlands (Szwed 2019). In the far south, such as in the southern parts of Małopolska voivodeship, 
foothills and higher mountainous terrain are more widespread which also influences the amount of 
precipitation received (Szwed 2019).  

In addition, studies have shown that in years with lower precipitation, high air temperature was also 
present. This led to increased surface water evaporation and consequently, more droughts (EEA 2020 
a; Kubiak-Wójcicka &Machula 2020). These observations correlate with the series of droughts that 
Poland has experienced in recent years, most notably in the summers of 2015, 2018 and 2019 (EEA 
2020 a).  
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Figure 5: Observed trends in max annual five-day consecutive precipitation in winter and summer 
(EEA 2019 c) 

5.2.2. Future climate projections 

Data pertaining to temperature changes in the future strongly indicate that even under two different 
emissions scenarios, the upward warming trend seen in historic records is expected to continue (EEA 
2020 a; IPCC 214). Poland is predicted to see a 2 to 2.5 oC change in annual temperature in an RCP 
4.5 emissions scenario (EEA 2020 a). For a higher emissions scenario (RCP 8.5), the annual 
temperature trend is expected to increase substantially to the 4 to 4.5 °C range for most parts of the 
European continent (EEA 2020 a). While the highest annual temperature changes (>6.0 °C) are to be 
seen in the far northern parts of Europe, the change in Poland is set to be just below 4 °C temperature 
mark, roughly between 3.5 to 4 °C with minor regional differences (EEA 2020 a).  
 
According to future predictions for mean annual precipitation, no clear indications of a trend change 
occurring by either 2030 or 2040 is observed (Klimada 2.0 n.d). Naturally, there is a degree of 
unevenness in the distribution of precipitation throughout a year as there is usually more precipitation 
occurring in the summer months than in the winter (Szwed 2019). However, when looking at the 
predicted mean monthly precipitation for the periods 2021-2030 and 2031-2040 under both RCP 4.5 
and RCP 8.5 (see Fig.6), it is evident that temperatures in the later part of the year (September-
January) are increasing while for most scenarios, summer temperatures appear to be decreasing 
marginally (Klimada 2.0 n.d). 
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Figure 6: Mean month precipitation. Amount of precipitation in millimeters on the Y axis and 
numbered months on the X axis. Adapted from Klimada 2.0 (n.d). 

What is also predicted to change is the duration and frequency of intensive precipitation periods. 
Intensive precipitation periods are defined as days that have a “daily precipitation sum greater than 
20 millimeters per day” (Ministry of Climate, 2019, p. 289). For both emission scenarios, an upward 
trend in the number of days with intensive precipitation is visible (Strużewska et al. 2020).  A slight 
increase is seen in the RCP 4.5 scenario, growing from an average of 3.439 days (2011-2020) to 
3.546 days (2021-2030) and 3.705 days (2031-2040) when the trend then remains largely the same 
until 2071 where the days amount to 4.050 in 2091-2100 (Klimada 2.0 2021; Strużewska et al. 2020). 
For the RCP 8.5 scenario, the trend follows a similar projected pattern as RCP 4.5 until around 2040 
(Klimada 2.0 2021; Strużewska et al. 2020). From there, the following decades reveal a much stronger 
increase in the number of days with intensive precipitation is projected. When looking at the 
geographical distribution of intensive precipitation periods across Poland, it is regionally uneven. 
Combined with increasing temperatures, these trends indicate that more varied weather is likely to 
occur, with longer periods without rain (EEA 2020 a). This can result in unexpected, heavy rainfall 
which in turn may come to influence the magnitude and frequency of floods (EEA 2020).  
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5.3. Impact evaluation 

This section presents the result of the context analysis that was conducted to identify potential climate 
change impacts on water availability and thermoelectric power generation. These findings are then 
categorized into a table according to a likelihood of occurrence scale which was outlined in Table 3 
in the Conceptual framework and definitions chapter.  

5.3.1. Potential climate change impacts on water availability 

According to the EEA (2019 a) the main climate change related effects on water resources are 
increases in temperature, changes in precipitation patters, snow cover and a high probability of flood 
and droughts increasing in magnitude and frequency. These factors along with increased water 
demand will then be very likely to impact water availability (OECD 2015). As outlined in section 
2.4, Poland already has limited freshwater resources and relies predominantly on river networks for 
freshwater (OECD 2015; Kubiak-Wójcicka & Machula 2020). Bisselink et al. (2020) assessed 11 
climate models under the same two RCP scenarios, and found that water scarcity will intensify 
already water scarce areas which suggests that this could be the case for some regions in Poland as 
well. On the other hand, voivodeships that are at most risk of water scarcity is those that have a lot 
of water users (Kubiak-Wójcicka & Machula 2020). They are mainly the regions that have the most 
agriculture and irrigation in addition to industry and high population densities, meaning that water 
demand is high in these regions which should be considered (Kubiak-Wójcicka & Machula 2020). 
These regions are Wielkopolskie (north-east), Mazovia, Kujawsko-Pomorskie (north-central) and 
Łodz (central). Silesia is another voivodeship at risk, due to its population density and concentration 
of hard coal mines and thermal power plants (Medarac et al. 2018).  
 
The assessment by Bisselink et al. (2020) confirmed that the most severe intensification will occur 
in the southern regions around the Mediterranean, yet under 2o and 3o warming scenario parts of 
Central Europe was also set to see an intensification of water scare areas including parts of Germany, 
Romania, and France (Bisselink et al. 2020). Additionally, based on the trends identified in the 
previous section, it is highly probable that Poland will continue to see an increase in air temperatures. 
This is likely to impact the intensity and frequency of droughts and heatwaves however, for 
continental Europe where Poland is situated, it is not predicted to be as intense as in other parts of 
the continent (Feyen et al. 2020).  
 
The sources indicate that is largely because trends in central and eastern Europe indicate more climate 
variability and therefore projections are more uncertain (Bisselink et al. 2020; Feyen et al. 2020). 
Other sources add to this by confirming that the frequency of heatwaves across Poland have indeed 
increased (Ministry of Climate 2013; Wibig 2018; Wójcicka & Machula 2020). Heatwaves are 
measured when maximum temperatures exceed 25oC and such temperatures have been recorded in 
the summer months, mainly July and August, since 1951 (Wibig 2018). This being said, it should be 
recognized that any instances of drought can have a detrimental impact on water availability, 
especially if supplies are already low to begin with (Kubiak-Wójcicka & Machula 2020).  
 
In Poland no significant trend in annual precipitation could be noted but what some studies indicate 
is that events will become more sporadic and uneven (EEA 2019 a; Ministry of Climate 2013). Higher 
air temperatures will most likely affect summer precipitation, resulting in longer periods without rain 
which are then intercepted by torrential rains which are difficult to predict (Szwed 2016). Torrential 
rains enhance the risk of floods and landslides which could be a problem in the more mountainous 
and upland regions of the country in particular (Ministry of Climate; Kubiak-Wójcicka & Machula 
2020). On the other hand, warmer air temperatures will also be felt in the winter, which will impact 
snow cover thickness and intensify evaporation (EEA 2019 a).  
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Lastly, higher air temperatures and changes in precipitation could also have an adverse effect on river 
flows and water temperatures. In a comprehensive study on European rivers by van Vliet et al. (2013) 
on future (2031-2060) low river flows compared to the period 1971-2000 are predicted to decline 
throughout the continent with the exception of Scandinavia. While Southern Europe is set to see the 
biggest decline with averages greater than 30%, for Poland however, this average is predicted to see 
a 20-30% decline approximately (van Vliet et al. 2013). In addition, the results of the study predict 
a 0.8-1.0 increase in mean water temperatures across most parts of Poland, although the central north-
western part of the country will experience a slightly higher increase between 1.0-1.2 degrees (van 
Vliet et al. 2013). These estimates appear to be mostly in line with calculations made by the EEA, 
who predict that while annual river flows are set to see a slight increase in most of the Central Eastern 
European region, an increase in severe river flow droughts are visible (EEA 2019 a, p. 33). In an 
analysis conducted by the Ministry of Climate (2013, p.22), no significant trends in maximum river 
flows were detected but the research did notice a slight increase in river flow frequency between the 
years 1981-2000 compared to the period 1961-1980. The increase in frequency could lead to more 
river flooding (Ministry of Climate 2013). It is difficult however to link changes in flood events to 
climate change alone, as there is a lack of long, reliable records to produce accurate projections 
(Kovats et al. 2014, p. 1279).   
 

5.3.2. Potential climate change impacts on thermal power generation 
Thermal power plants in general are well adapted to operate under different weather conditions, and 
the selection of technology is based on the geographical, seasonal, and legal circumstances of the 
area in question (IAEA 2019).  Therefore, where thermal power plants may run into problems in 
regard to climate change comes down to both infrastructure and operating procedures (Webber 2016). 
Climate change is expected to bring about both gradual changes as well as instances of extreme 
weather events which are more unpredictable.  
 
Gradual changes include rising mean temperatures and changes in precipitation patterns. The effects 
of higher air temperatures on thermal power plant operation can lead to a substantial decrease in the 
plants’ thermal conversion efficiency (Kovats et al. 2014). The IAEA estimates that in Europe, 
efficiency could decrease by 0.1-0.5% and this is presumed to happen predominantly during the 
summer months (IAEA 2019; Kovats et al. 2014). The mean temperature of cooling water is also set 
to increase in combination with higher air temperatures (IAEA 2019). High water temperatures mean 
that the water is too warm to be withdrawn by the plant as it would lower the efficiency (Lane et al. 
2017). It could also mean that water is not allowed to be discharged back to the source (Kovats et al. 
2014). This is due to environmental regulations which prevent overheated discharge water from being 
released in order to protect the water body’s ecosystem, fines are usually issued if plants do not 
comply and therefore many plants choose to shut down operations (Lane et al. 2017). This means 
that even if there is enough water streamflow, temporary shutdowns can still happen if water 
discharge temperatures are too high.  
 
Low river water flows are problematic for water withdrawals as the pipes cannot abstract water when 
flow levels are below the water intake pipe, meaning that power plants would have to temporarily 
shut down operation (Lane et al. 2017). If pipe intakes are lowered there is potential for more dirt 
and residue to be abstracted along with the water which is harmful for the internal machinery (Lane 
et al. 2017). This ties into low precipitation, as water resources are dependent on rainfall as well as 
evaporation for replenishment (EEA 2019 a). If there is a decrease in precipitation, naturally there 
will be a decrease in water available as well. For infrastructure that is situated close to a coastline, 
rising sea levels could cause floods or damage to infrastructure through increased sea water 
evaporation meaning more corrosive salt levels entering the machinery (Lane et al 2017). However, 
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this is perhaps more of a concern for long-term projections beyond 2050.  
 

5.3.3. Probability of occurrence 

This table illustrates the potential vulnerabilities that face water availability and thermoelectric power 
plant operation based on the impacts identified in the sections above. These in turn have been 
evaluated according to the predicted climate change exposures that are expected to face Poland and 
were subsequently given a score according to the likelihood of them occurring as defined by the IPCC 
(2007) (see Table 3).  
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Table 7: Compilation of the potential vulnerabilities likely to affect both water availability and 
thermoelectric power operation. Adapted from IAEA 2019, pp. 46 and EEA 2019 a, p. 34). 

Climate category Climate impact Potential vulnerabilities Likelihood of occurrence  

Ambient 
temperature 

Higher mean air 
temperatures 

Reduced conversion 
efficiency. Reduced cooling 
efficiency. 

Highly likely 

 Higher river temperature Reduced capacity, water 
may become unsuitable for 
cooling. Can cause 
temporary shutdowns.  

Highly likely 

Water availability Lower mean precipitation Less amount of water 
available. Water 
temperature may be warmer 
too in combination with 
high air temperatures.  

Likely 

 Low river flow Less water available in 
rivers and lakes. 
Water cannot be withdrawn 
if levels are below the 
intake line.  

More likely than not 

 Sea level rise Can cause floods, which is 
harmful for infrastructure 
close to coasts.   

Unlikely 

Extreme related 
climate events 

More frequent and more 
intense precipitation events 

Higher risk of flash floods. 
Coal stocks may become 
drenched, which makes the 
boilers work less efficiently. 

Highly likely 

 More intense and frequent 
hot air temperatures  

Heightened demand for 
water, can be a problem if 
water temperatures are too 
high or supply is low. 
Low water availability. 
Reduced conversion and 
cooling efficiency.  

Highly likely  

 More frequent and 
longer periods of low 
precipitation or 
drought conditions 

Less cooling water 
available, leading to 
reduced cooling efficiency. 
More competition for water.  

Likely 

 Floods in river basins Infrastructure damage.  More likely than not 
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6. Discussion 

The following chapter presents the discussion of the results of the case study, and the vulnerability 
assessment. It is divided into three sections, starting with an analysis of the results pertaining to the 
potential vulnerabilities connected to water availability. It proceeds with an analysis of the potential 
impacts of climate change on the energy transformation sector and this is connected to the findings 
from the case study. Lastly, all of the implications are analyzed according to water security and 
energy security and what this means for Poland. 

6.1. Analysis of the potential vulnerabilities concerning water availability 
The results in Table 7 show that the most likely climate impacts to affect Poland are higher mean 
temperatures and higher river temperatures. More frequent instances of extreme events including 
intense precipitation periods, heatwaves, droughts, or periods with lower precipitation are also 
expected to occur. What this means in terms of water availability is more difficult give a clear answer 
to. Due to the lack of a significant trend in mean annual precipitation, it cannot be said with great 
certainty that there will be more or less water available in the future. What was noted however, was 
a slight increase in intensive precipitation (Ministry of Climate 2019). It was also found that the 
geographical distribution of these intensive precipitation periods across Poland were regionally 
uneven (Ministry of Climate 2019).  

Combined with increasing temperatures, these trends indicate that more varied weather is likely to 
occur, with longer periods without rain (EEA 2020 a). This can result in unexpected, heavy rainfall 
which in turn may come to influence the magnitude and frequency of floods (EEA 2020 a). A decrease 
in summer rainfall was observed for both RCP scenarios, and this is likely to be caused by longer dry 
periods due to warmer temperatures (Ministry of Climate 2019). Sea level rise is likely for Poland’s 
coastline along the Baltic Sea (Kundzewicz et al. 2018) yet this will not be explored further in this 
study as the thermal power plants selected for the case study are located far away from the coast. 
This is why it was given a score of “unlikely” to occur in Table 7.  

While it is difficult to attribute river flow changes to climate change alone, the studies that were 
found indicated that river flows are likely to decline, especially in basins that were already 
experiencing lower discharge flows (Kundzewicz et al. 2018; van Vliet et al. 2013). Piniewski et al. 
(2018) identified a geographic divide between river flows in northern and southern Poland, showing 
that past trends noted a decrease in northern river flows and an increase in the south. Due to the lack 
of future predictions nonetheless, this further adds to the uncertainty over Poland’s future water 
supplies.  

A fairly confident conclusion that can be drawn is that as Poland already has relatively small 
freshwater resources and considering that a degree of water stress is also prevalent, water availability 
will be likely to decrease, particularly during warmer months (June-July-August) (Kubiak-
Wójcicka & Machula 2020). The results also indicate that as air temperatures increase, so do water 
temperatures (EEA 2019 a). These are two highly likely vulnerabilities that climate change trends 
expose concerning water availability. From a water security perspective, this could exacerbate the 
threat of water scarcity in the warmer months as less water is predicted to be available then.  

6.2. The potential vulnerabilities concerning Polish thermal power plants 
Regarding thermal power plant operation, majority of the potential vulnerabilities are directed at 
infrastructure and concern water availability in one way or another. What the results indicate is that 
thermal power plants dependent directly on river water as a coolant are likely to be more vulnerable 
to reductions in cooling water availability as well as increases in cooling water temperature in 
comparison to dry cooling systems or CHP plants for instance (EEA 2019 a). Some studies, however, 
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indicate that this might not be a major concern for countries with a diverse energy mix as they have 
the capacity support power shortages with other energy sources (Schaeffer et al. 2012; Ebinger & 
Vergara 2011). On the other hand, for a country such as Poland, whose energy mix is predominantly 
dependent on one fuel source, these studies do state that even a moderate increase in ambient 
temperature could lead to a significant impact on energy accessibility (Schaeffer et al. 2012).  

The generating efficiency of the thermal power plant relies on the productivity of the installed 
turbines (Webber 2016). Turbine efficiency is determined by the temperature of the heat source that 
powers the, and the heat sink which is used for cooling (Webber 2016). The heat sink can be air or 
water. In essence, any increase in the temperature of the heat sink causes a limitation in the balance 
in the turbine which decreases its ability to run efficiently (Webber 2016). As has been illustrated, 
higher air temperatures result in higher water temperatures, particularly in rivers. Capacity can be 
reduced even if there is a sufficient amount of water available due to the cooling water discharge 
being too warm which could impact the water body’s ecosystem and is therefore regulated under 
environmental regulations (Webber 2016). In Poland, environmental regulations prevent thermal 
power plants from raising the temperature of the water source above 35o Celsius, meaning that in 
instance where the air temperature is high for instance, a thermal power plant may have to limit 
generation capacity (Baca-Pogrzelska 2020). 

Based on these observations, some assumptions can be drawn regarding the 14 thermal power plants. 
The degree of vulnerability can depend on a number of factors such as geographical location, water 
availability in the area and cooling system for instance. The Polish thermoelectric infrastructure is 
often characterized by its old age and in spite of many partial modernization developments, the 
number of outdated boilers and turbines installed still varies greatly between plants (Gawlik 2018). 
Jaworzno III for instance, received its last turbine upgrades in 1997 (TAURON Wytwarzanie S.A. 
2021 b). Since all the featured power plants operate using subcritical technology, apart from two 
units at Opole power plant, it would indicate that their efficiency is already considered “low” and the 
given the type of cooling technology installed, the old age of the turbines could increase the 
vulnerability of the plants to high air and water temperatures even further. This being said, given that 
environmental standards and the adoption of the European Commission’s Best Available Technique 
(BAT) regulations in 2016, the pressure on decommissioning the oldest units will be increased 
(Gawlik 2018). The question remains as to what technology the units will be replaced by.  

The plants that use once-through (open loop) cooling systems (Skawina, Siekierki, Żerań, Ostrołęka 
B, Kozienice, Połaniec and Dolna Odra) are likely to be slightly more vulnerable to changes in 
climate conditions than those plants who rely on recirculating systems (Łagisza I, Łagisza III, 
Jaworzno III, Siersza and Opole). Once-through cooling systems are more likely to be impacted by 
low river water levels as they withdraw cooling water directly from nearby rivers. Yet is could also 
be highly dependent on the location of the plant. For example, the Dolna Odra power plant has had 
few problems with low water levels sources indicate that this is largely because it is situated in the 
lower reaches of the Odra river (Baca-Pogrzelska 2020). Likewise, as once-through systems withdraw 
more water than closed-circuit systems, they are more likely to be sensitive to higher intake water 
temperatures (Wang et al. 2019). The water withdrawal intensity of closed circulating systems is 
much lower, which leads to lower vulnerability to high water temperatures. More research is required 
on the impact of high temperatures (air and water) on CHP plants but considering that they employ 
a recirculating cooling system according to the existing infrastructure, it is assumed that are likely to 
be less vulnerable to such changes as well.  

As mentioned, geographical location also plays an important role when it comes to water availability. 
The previous sections outlined that voivodeships such as Silesia and Mazovia are already facing a 
degree of water stress as a result of competing resource users. This includes agriculture (water 
irrigation) and higher population densities as well as other industries (mining) which all compete for 
the same water resources (Gawlik 2018). As demand for water is set to increase during summer 
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months, higher air temperatures will prompt people to demand more air conditioning and therefore 
more electricity, which will also affect water availability (Kubiak-Wójcicka & Machula 2020). This 
would suggest that thermal power plants located in these already water stressed regions in particular 
might be more vulnerable to climate change than other regions in the long-term. This would require 
a more in-depth research at a regional level. 

6.3. What does this mean for Poland’s water and energy security? 

To reiterate, water security in this study is understood as having an acceptable supply of water that 
is of appropriate quality. In this case, this refers mainly to adequate water temperatures and a readily 
available water source that is suitable for thermoelectric power plant operation. Yet, based on the 
information gathered from the climate model analysis, it is difficult to say exactly how Poland’s 
overall water security will be impacted by climate change. There are uncertainties over regional 
variability and inconsistent predictions in in annual precipitation trends which hinder a more accurate 
prediction from being made (Kundzewicz et al. 2018; Szwed 2019).  

Nevertheless, what can be said with a degree of certainty is that air temperature trends are expected 
to continue increasing beyond 2040. This suggests that water temperatures will rise as well 
(Kundzewicz et al. 2018) which poses a problem for water security in terms of water quality. In 
addition, the results of this study appear to be consistent with other predictions which project that 
while precipitation trends are uncertain, the magnitude and frequency of extreme events such as such 
as heatwaves, longer periods without rain and torrential rain (Ministry of Climate 2013; Mojska & 
Mojski 2019; Kundzewicz et al. 2018). This suggest that the hydrological cycle will be intensified 
and altered which does threaten both the quality as well as the quantity aspect of water security. This 
notion in strengthened by the projections of decreased river flows and increases in river temperatures 
as quantified by van Vliet et al. (2013) and the EEA (2019 a). Although it should be kept it mind that 
due to the natural variability in river flow and flood events, it is difficult to state with certainty that 
climate change may be the sole cause of these changes in the future (Kovats et al. 2014, p. 1279).   
 
As Poland already shows signs of water stress according to the WSI index (Kubiak-Wójcicka & 
Machula 2020) and the volume of renewable river flow per capita is 1600 m3 a year which is 
significantly below the EU average (4500 m3) (Mojska &Mojski 2019), this indicates that Poland’s 
available water resources may indeed be more vulnerable to climate change despite it being difficult 
to predict the exact extent of this vulnerability.  
 
One factor that could help strengthen Poland’s water security is through its infrastructure. Sources 
indicate that many of the country’s water storage reservoirs are not adequately equipped enough to 
cope with potential changes in water availability (GWP 2014; OECD 2015). Compared to another 
water stressed country such as Spain, who manages to retain half of the water it stores, Poland only 
manages to keep 6.5% of the water in its territory (AFP 2019). Likewise, over exploitation of water 
resources by competing users is another water security concern that ought to be addressed. Kubiak-
Wójcicka and Machula (2020, p.20) agree with this sentiment, asserting that “integrated measures” 
are necessary in Polish water management policy in order to stimulate ways to reduce demand and 
reduce water abstraction from intensive industries for instance.  

What the impact evaluation indicated for the energy transformation sector is that water availability 
is very much important for the well-functioning of thermoelectric plant infrastructure. It can be said 
with certainty that the vulnerabilities facing thermal power plant operation is related to high and 
water temperatures as well as low water availability. High temperatures may expose the thermal 
power plants to reduced efficiencies in terms of generating capacity, and if water temperatures are 
too high it may inhibit the plants from withdrawing and discharging cooling water, potentially 
resulting in temporary shutdowns or reduced operations (IAEA 2019; Lane et al. 2017). Therefore, 
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it can more or less be said that climate change is predicted to make the Polish energy transformation 
sector more vulnerable in the sense that the probability of these events occurring is highly likely 
(Kundzewicz et al. 2018).  

However, based on the result of the case study, there are many factors that affect the degree of 
vulnerability. For the Polish power plants, it seems that the age of the infrastructure is important as 
it can impact overall efficiency (IAEA 2019; Gawlik 2018). Moreover, the choice of cooling 
technology is also related to and impacted by water availability (IAEA 2019). Thermal power plants 
that use open cooling systems appeared to be more vulnerable to warmer water temperatures and 
changes in river streamflow than those power plants using recirculating systems (Wang et al. 2019; 
Gawlik et al. 2016). However, there were some uncertainties pertaining to CHP plants and more 
research could be done to understand in more detail how air and water temperature might affect these 
types of plants. A notable observation is the role that geographic location may have on exposing 
further vulnerabilities in the system. Various parts of the country will feel the effects of climate 
change differently. 

As discussed, competition for resources is a concern for several regions in Poland and increasing air 
temperatures in particular may impact water demand during the warmer months (Cheng & Lammi 
2016). Several sources stress this concern and point out that a major challenge for electricity 
transformation is when peak demand is coupled with low cooling water supplies, and it is therefore 
valuable to note the imbalance between water demand and the water that is available for use in this 
case (Plewa & Strozik 2017; Behrens et al. 2017; IAEA 2019). Changes in river streamflow and 
higher air and water temperatures due to climate change could continue to negatively impact these 
limitations (Wang et al. 2019). This being said, the Polish energy sector has strengthened its drought 
and flood preparedness in light of recent disasters, and some sources argue that the biggest threat to 
the energy transformation sector is the combination of extreme events occurring at the same time 
(Baca-Pogrzelska 2020; Ministry of Climate 2019). In interviews conducted by Baca-Pogrzelska 
(2020), energy company representatives assert that a drought occurring together with a heatwave is 
a serious threat, as it could affect roughly 10% of the production capacity of hard coal fueled thermal 
power plants in Poland.  

This again relates back to the importance of having a secure supply of water, and that due to Poland 
already having issues with water stress, there is a high potential for disruptions in electricity 
accessibility to occur in general. As energy security in this case is related to the protection of vital 
infrastructure, it would therefore be in Poland’s best interest to either update the existing technology 
in order to make it more water efficient before it starts investing immensely into other new, 
alternatives or to replace it entirely with new options (Cheng & Lammi 2016).  

6.4. Poland’s energy transition and future implications 

While the impacts of climate change on the energy sector have already been acknowledged by the 
IPCC, the EU, and national governments, much of the discussion focus appears to be on mitigation 
efforts of greenhouse gas emissions as opposed to management options that adapt the sector to 
climate change (Ebinger & Vergara 2011). As the sector contributes significantly to greenhouse gas 
emissions, mitigating these effects are certainly an important component of the overall response to 
climate change (Ebinger & Vergara 2011). Yet when it comes to planning and preparing existing and 
future infrastructure for these changes, it is not enough to only look at mitigation (Ebinger & Vergara 
2011). Thus, in order to ensure long-term sustainability in the energy sector, integrated solutions that 
enable mitigation plans to work closely together with an adaptation strategy is needed (Ebinger & 
Vergara 2011; Smit & Wandel 2006). In addition, adaptation efforts planned for the energy sector 
should also acknowledge the synergies and trade-offs between other competing sectors such as land 
and water use (EEA 2019 a, p.82).  
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This can be applied to Poland’s future plans for its energy transition. Several policy documents, 
including the new Energy Policy until 2040 plan, put strong emphasis on the continued use of 
domestic coal resources in the energy sector. This suggests that hard coal will continue to have a role 
in Poland’s energy future despite being gradually reduced. However, little or no emphasis is placed 
on the importance of water to the energy sector in these documents. If some thermoelectric 
infrastructure and domestic hard coal production remains in operation until at least 2050, the issue 
of water usage should still be addressed. It would perhaps be more efficient for Poland to make use 
of their current infrastructure before transitioning to an entirely new one. One major step towards 
reducing water usage would be to decommission the oldest infrastructure (>30 years) in the thermal 
power plant fleet (Cheng & Lemmi 2016). Alternatively, another option could be to upgrade the 
current infrastructure to make it less water intensive in a way that also reduces greenhouse gas 
emissions. There are plenty of viable adaptation options available such as upgrading to units to USC 
or even SC technology, which are more efficient than the subcritical technology currently in use 
(Gawlik & Mokrzycki 2019; Cheng & Lemmi 2016). CHP plants also seem like a less water intensive 
option as well (Gawlik & Mokrzycki 2019). This could potentially improve energy security in terms 
of efficiency and infrastructure protection. However, cost and investment interest into these options 
might be low (Gawlik & Mokrzycki 2019).  

Likewise, as Poland aims to transition its energy sector away from hard coal and lignite, water 
availability should still be taken into consideration when it comes to planning for replacement 
options. For instance, plans for introducing nuclear energy in Poland has long been on the 
governments agenda but it has yet to be executed due to factors such as low public support and 
infrastructure capacity (Gawlik & Mokrzycki 2019). Yet whereas nuclear power plants would provide 
a lower emissions alternative to its hard coal thermal power plant fleet, they are also water intensive 
which may still lead to further water insecurity (Plewa & Strozik 2017). One way to address this is 
to attach small modular reactors (SMR) to existing infrastructure but this type of technology is still 
in the early stages of development and is still expensive to install but could be an interesting point 
for future research (Gawlik & Mokrzycki 2019).  

Other adaptation plans that rely little on water is RES technology. This technology is expected to fill 
the gap left behind by the phase out of coal, although some sources say that Poland does not have the 
right weather conditions for RES installments. The literature cites that the variability of 
meteorological conditions and small number of sunny and windy days could prove to be 
disadvantageous in the long run as it makes them more unreliable when it comes to providing energy 
access (Plewa & Strozik 2017, p.4). Although the study did not focus on how climate change might 
impact RES technology, it should be pointed out that climate change predictions are uncertain and 
difficult to foresee. Gas power is also an alternative that could be used when RES technology is 
impacted by less sunny or windy days (Gawlik 2018). The disadvantage of gas, however, is that it 
has to be imported from outside Poland which could create an issue with import dependency.  

In short, what can be taken away from this discussion is that having a diverse energy-mix appears to 
be beneficial. Poland should strive to find an energy-mix balance that is both diverse enough to ensure 
energy accessibility security and that is less water intensive. Considering such adaptation options 
also has the potential to reduce the sectors’ vulnerability to future climate change impacts on water 
availability.  
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7. Conclusion 
Nearly 50% of Poland’s electricity is generated from hard coal-fueled thermal power plants, and 
these plants require sizable amounts of water as well as particular temperatures to operate (Jędra 
2021). Consequently, 70% of Poland’s total water consumption is accounted for by the energy sector 
alone (Cheng & Lammi 2016). Poland also has amongst the lowest available freshwater resources 
per capita in the EU (Mojska & Mojski 2019). Droughts and heatwaves in recent years have affected 
the country’s water availability which in turn has led to disruptions in several thermoelectric power 
plant’s operating capacity. Climate change is projected to increase these types of threats which will 
very likely impact Poland’s future water and energy security. Given how important water supplies 
and electricity access is to socio-economic development and societal well-being, looking into how 
these elements can be better protected from potential vulnerabilities is thus highly important.   

Therefore, the goal of this study was to contribute to a better understanding of the interrelationship 
between water availability and the operation of thermoelectric power plants and how these 
components may be vulnerable to and impacted by anthropogenic climate change, using Poland as a 
unit of analysis. To accomplish this, the study conducted a case study on 14 hard coal fueled thermal 
power plants in Poland. These power plants were selected as units of analysis as they are fueled by 
hard coal and represent the largest plants in the country. The case study involved collecting data 
pertaining to the type of combustion technology as well as cooling technology used in the selected 
power plants, and where they abstract their water from. Together, these components helped illustrate 
the relationship between water availability and power plant operation and were relevant for the 
vulnerability assessment. 

To assess the degree of vulnerability to climate change of water availability and thermoelectric power 
plant operation, and the link between the two, several components were considered. In the results, 
the case study of the selected power plants provided an initial overall profile of the Polish energy 
transformation sector. Second, an evaluation of climate models based on available data was applied 
to determine the climate change exposure that faces the thermoelectric power sector and water 
availability. Third, to illustrate the potential implications of the changes outlined in the exposure 
segment on water availability and electricity generation in Poland, a context analysis of relevant 
sources was used. Lastly, to provide visual guide of the identified impacts, a table of the findings 
was created. The combined findings were then brought up in the discussion in relation to water 
security and energy security and future implications.  
 
The results found that climate change is indeed causing higher air temperatures which is likely to 
cause higher water temperatures as well as more extreme weather events. These trends are expected 
to continue well beyond 2040. Regarding water availability, the research found that it was more 
challenging to identify a significant change in precipitation trends, yet periods of intense rainfall and 
increases in mean water temperatures were noted. This suggests that prolonged periods without 
rainfall are likely to occur and this coupled with heatwaves make Poland’s available water resources 
vulnerable to a certain extent. While predictions remain uncertain, river flows were revealed to be 
likely to decline, especially in basins that are already experiencing lower discharge flows, which also 
poses a threat to water availability and therefore to thermal power plants. However, this varies 
geographically between regions in Poland. It can also be said with certainty that the vulnerabilities 
facing thermal power plant operation in general are related to high air and water temperatures as well 
as low water availability. Connecting this with the results from the case study, it was uncovered that 
the degree of vulnerability of the individual power plants to climate change impacts can depend on 
several factors, including location and infrastructure such as the type of cooling system.  
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By answering the two research questions— what potential threats does climate change pose for water 
availability and the energy transformation sector in Poland and how might this impact Poland’s water 
and energy security by 2050—this thesis contributes to a growing field in academia by providing 
insights into how climate change vulnerability may be assessed. Likewise, it attempted to shed light 
on a pressing topic that concerns a country’s water and energy security in light of future changes and 
threats.  
 
The limitations mentioned should be acknowledged and further in-depth research is highly suggested 
in order to further improve the reliability of the conclusions drawn within this study. 
Recommendations for future research include more data pertaining to regional climate variation 
which might provide a clearer picture of how climate change is predicted impact different regions in 
Poland. Attempts could also be made to quantify water scarcity as was done in studies on China, in 
order to obtain a more detailed perspective on water-energy interconnections and to create a more 
comprehensive “measurement” of vulnerability (Zheng et al. 2016).  
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