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Abstract

:

This paper presents the impact of flow changes in the Warta River and water management rules regarding the Jeziorsko dam reservoir on the energy production by the hydropower plant in the period 1995–2021. The Jeziorsko dam reservoir was built in 1986. It is the second largest dam reservoir in Poland in terms of surface area. In 1994, a hydropower plant with an installed capacity of 4.89 MW started operation. The study results show the average annual energy production from 1995 to 2021 at a level of 18,718 MWh. On the other hand, energy production largely changed from year to year, from 12,432 MWh (in 2019) to 26,916 MWh (in 2001). The droughts that have occurred in the Warta River basin over the past two decades have had a major impact on energy production. As a consequence of the drought, it was not possible to maintain the required water level in the reservoir. Moreover, a change in the rules for the reservoir’s management that led to lower water levels in the reservoir by 1.5 m between April and June was important from the point of view of energy production. Improving the efficiency of energy production requires changing the rules of water management in the reservoir. More flexible reservoir operation schemes should be considered, including operational management based on meteorological and hydrological forecasts. Moreover, other criteria should also be considered, such as maintaining environmental flows, ensuring protection from flooding, and operating a nature reserve around the reservoir.
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1. Introduction


The observed technological transformation has resulted in an increase in demand for energy [1]. Therefore, in addition to its current sources, new solutions are becoming popular, aimed at satisfying the dynamically developing situation and climatic goals. The fourth industrial revolution will accelerate the use of clean energy that will eventually replace conventional energy sources [2]. Alternative energy sources can be used as a substitute for fossil fuels, contributing to a decrease in the share of the latter in the general energy mix [3]. Globally, broad-based efforts are underway to reduce carbon emissions. Among the countries of the European Union, Poland is currently the largest emitter of greenhouse gases per resident [4], and coal is still used in more than 67% of energy production [5]. It is therefore justified to use solutions based on renewable energy sources here. Hydropower is one of the possible solutions.



Hydropower requires a relatively high initial investment but is characterized by a long period of operation with very low maintenance costs [6]. Hydropower projects are prone to various uncertainties and risks, including the following: economic, environmental, social, geological, regulatory, political, technological, financial, climatic, natural, and safety-related ones [7]. Nonetheless, hydropower still remains the dominant, affordable, and reliable source of energy on a global scale [8]. It accounts for more than 72% of the entire renewable electric energy globally [9]. According to Tefera and Kasiviswanathan [10], at the global scale, the theoretical potential of hydropower varies from 25.48 PWhyr−1 at 95% flow dependency to 184.17 PWhyr−1 at 30% flow dependency. Optimum future solutions assume the maximization of benefits from the use of hydropower with a simultaneous minimization of the impact on the environment through the revitalization of the existing infrastructure [11].



One of the most serious problems currently faced by humanity is the adaptation to conditions related to global warming [12], which affected virtually all areas of human activity. In the case of hydropower production, climate change may lead to a shift in the demand for electricity toward high-emission technologies [13]. As predicted by Hamududu and Killingtveit [14], in reference to the currently functioning hydropower system on a global scale, the production of hydropower will change to a very low degree by 2050. According to Wasti et al. [15], the effect of climate change on the hydropower sector is difficult to predict and is not globally uniform but rather dependent on local conditions. Approximately 65% of the current global power installed in hydropower plants will be exposed to the risk related to recurring high river flows. Up to 75% of the existing hydroelectric power in Europe, North America, and MENA is generated in areas where draughts are forecasted to be at least 10% longer [16]. In Europe, the development of hydropower production depends on the economic, political, and environmental conditions. This raises the need for an integrated approach that considers the requirements of sustainable development as well as research and innovations in the scope of hydropower generation [17]. The situation in Poland was analyzed by Kałuża et al. [18], pointing to the key barriers faced by the hydropower sector, among others, as follows: institutional (including the inappropriate structure of legal documents of the Polish system of support for renewable energy sources, inappropriate implementation of the obligation to consider green energy in the sold energy balance, as well as the lack of obligation to consider issues related to the management of the local renewable energy sources); social (including protests of residents blocking an investment due to concerns for the ecological effects, water quality, etc.); economic (return on investment), and climatic (decrease in river outflow). In this context, it is important to thoroughly investigate the functioning of the existing hydropower plants to determine the directions and rate of changes to date, particularly important in the times of dynamically changing climatic conditions.



The issues concerning hydropower production are analyzed in a complex manner for the entire sector or for a particular power plant [19]. The latter approach is implemented in this paper and refers to the Jeziorsko hydropower plant on the Warta River, the third largest river in Poland.



The study objective is the analysis of the effect of changes in river flows in Warta and changes in the schedule of water management on the Jeziorsko dam reservoir towards the production of electricity by the hydropower plant in the period 1995–2021.




2. Materials and Methods


2.1. Study Site Description


The Jeziorsko reservoir is a lowland dam reservoir in the central part of Poland (Figure 1). It resulted from the construction of a dam embankment on the Warta River in its middle section. Warta is the third largest river in Poland (following the Vistula and Oder rivers of which it is the main tributary). Its length is 808 km, and total catchment area 54.5 thousand km2 (corresponding to approximately 17.4% of the territory of Poland).



The operation of the Jeziorsko dam reservoir commenced in 1986, and its complete range of damming was reached in 1992. The total catchment of the reservoir is 9012.6 km2, including a direct catchment area of 76.36 km2. Its length is approximately 19.4 km, and width reaches up to 3.5 km. At full banks, it reaches 37.73 km2 of surface area and 222.6 × 106 m3 of volume. The maximum depth of the reservoir is approximately 12.0 m. The parameters of the reservoir, however, are subject to substantial changes depending on the level of its filling.



Since 29 August 2014 the operation of the reservoir is conducted according to the following schedule:




	
From 1 January to 31 January–maintenance of the damming level in the reservoir at a level of 116.00–116.30 m a.s.l.;



	
From 1 February to 15 April–filling the reservoir during the winter-spring river flooding, up to regular damming level of –120.00 m a.s.l.;



	
From 16 April to 15 September–maintenance of a constant damming level reached during filling the reservoir, but not higher than 120.00 m a.s.l.;



	
From 16 September to 31 December–gradual emptying of the reservoir, aimed at reaching a level of 116.0–116.30 m a.s.l. for the purpose of preparation for the spring flooding.








In previous years, a manual was binding that specified the ordinate of the regular damming level as 121.5 m a.s.l. (until 1998) and 120.50 m a.s.l. (until 2014), and the ordinate of the minimum damming level as 116.30 m a.s.l. (Table 1). They were reduced to the currently binding values after the summer flood from 2010 and the winter one from 2011 for the purpose of increasing the flood reserve of the reservoir.



The basic functions of the Jeziorsko reservoir include the following: flood protection of the middle Warta valley, water alimentation in the Warta River channel in low flow periods, and ensuring water for the purposes of energy production and cooling the nearby powerplant-industrial complex. The reservoir also fulfils the role of water reservoir for agricultural irrigations and offers the possibility of production of electricity at the hydropower plant on the right bank of Warta in the direct vicinity of the weir and dam embankment. It started operation in 1995. The functioning of the power plant is based on two Kaplan turbines with a rotor diameter of 2400 mm, with a maximum discharge for each of them of 35.0 m3s−1. The flow is possible to obtain at a regular damming level of 120.00 m a.s.l. The minimum energy production level for proper functioning of the power plant is 116.00 m a.s.l., and in the period of occurrence of ice phenomena 116.30 m a.s.l. Water for turbines is supplied by means of two steel pipelines with a diameter of 2800 mm. The maximum power of a single turbine is 2767 kW, and the rated power output possible to obtain in optimal conditions of water flow and damming of the reservoir is 1625 kW. The minimum power of a single turbine is 653 kW. The rated power output of the hydropower plant is 5.04 MWyear−1.




2.2. Materials


The study material are data on monthly electricity production in the period 1995–2021 by a hydropower plant on the Jeziorsko dam reservoir. The analysis of electricity production was conducted in the context of water level fluctuations in the reservoir. Water levels in the Jeziorsko reservoir were recorded with a frequency of once per day at 7.00 am. Moreover, the study employed data on mean daily water flows through the turbines of the power plant. The hydrological data concerning the Jeziorsko dam reservoir were provided by the State Water Holding Polish Waters (PGW WP). Due to the lack of data in 2003, a reconstruction of this characteristic was performed through conducting a multiple regression equation with the following independent variables: mean monthly energy production, water level in the reservoir, discharge from the reservoir through the weir, and mean monthly flows in hydrological station Uniejów below the dam of the Jeziorsko reservoir. Changes in energy production were determined depending on the hydrological factors and hydrotechnical parameters of the reservoir. The found correlation is statistically significant at a level of 0.01; the coefficient of determination is 0.89, and the average estimation error is 3.2 m3s−1. The operation of the reservoir is specified in the manual of water management that replicates the provisions resulting from the administrative decision. For the Jeziorsko dam reservoir in the area of its functioning, five manuals of water management from 1986, 1992, 1999, 2008, and 2014 have been binding. The manuals specify among others water levels in the reservoir that should be maintained within regular operating conditions during specified times (Table 1).



The determination of changes in water flows in the Warta River within the reservoir in the period 1995–2021 employed daily data on flows from two hydrological stations Sieradz and Uniejów. Hydrological station Sieradz is located on km 521.0 of the Warta River, above the Jeziorsko reservoir (Figure 1). Hydrological station Uniejów is located on km 470.3 of the Warta River, approximately 14 km below the dam. The dam of the Jeziorsko reservoir is located on km 484.3 of the Warta River. The analysis of changes in water flows was conducted in the context of monthly fluctuations of air temperatures and precipitation from climatological station Puczniew. Climatological station Puczniew is located approximately 25 km east of the Jeziorsko dam reservoir. The hydrological and meteorological data were provided by the Institute of Meteorology and Water Management–National Research Institute (IMGW-PIB). In the scope of its statutory activity, IMGW-PIB conducts measurements of water stages and flows in rivers, and meteorological measurements throughout Poland. The parameters of the Jeziorsko reservoir and hydropower plant were determined based on the design documentation and manual of water management from 2014 provided by PGW WP.




2.3. Methods


The first stage involved the analysis of changes in energy production by the hydropower plant on the Jeziorsko dam reservoir. The values of basic statistics were calculated for monthly and annual time intervals for the purpose of determination of the variability of this parameter in the years 1995–2021. It was followed by the analysis of directions and values of changes in energy production from a monthly and annual perspective. The analysis of directions of changes in energy production was conducted by means of a non-parametric Mann-Kendall test (MK) [20]. Most changes in energy production were analyzed by means of a non-parametric Sen test [21]. Due to the changes in the schedule of operation of the Jeziorsko dam reservoir in 1999, 2008, and 2014, it was verified whether the changes affected the energy production by the hydropower plant. For this purpose, the wild binary segmentation (WBS) method was applied, developed by Fryzlewicz [22]. In the WBS method, the detection of change points is carried out for randomly selected time intervals. In the WBS method, change point detection is performed for randomly selected subsegments. In the first step, the sample is randomly divided into subsegments, for which the cumulative sum statistic (CUSUM) is calculated. In the second step the largest CUSUM statistic for all subsegments is compared to a threshold value. When the largest CUSUM statistic exceeds the threshold value, a change point is detected. Finally, the data series based on detected change point is split into two subseries. The same procedure is applied to any subseries. In this way, the WBS method allows the detection of multiple change points, which is crucial in this study. The analysis of directions and magnitude of changes in energy production employed the modified MK package developed by Patakamuri et al. [23]. Change point detection was conducted using the WBS package developed by Baranowski and Fryzlewicz [24]. Statistical analyses were conducted at the assumed level of significance of 0.05 and 0.01. The analogical procedure was applied in the scope of statistical analysis of water flows in hydrological stations Sieradz and Uniejów, and analysis of water levels in the dam reservoir and water flows through the Jeziorsko power plant. The analysis was conducted for mean monthly and annual characteristics. The determination of changes in water deficits in the Warta River in the period 1995–2021 covered the calculation of durations of maintenance of flows below the flow with exceedance of 70% (Q70%). The flow value of Q70% for hydrological station Sieradz estimated based on daily water flows from the years 1995 to 2021 based on values obtained by IMGW-PIB is 29.2 m3s−1. The value is approximate to the maximum capacity of a single turbine in the Jeziorsko hydropower plant. The value of Q70% for hydrological station Uniejów in the period 1995–2021 is 32.4 m3s−1. The analysis of directions and magnitude of changes in air temperatures and precipitation aimed at placing the paper in the context of climate changes observed in that period. The determination of the directions and magnitude of changes in precipitation and air temperatures employed trend analysis. The study also searched for a dependency between the values of mean monthly water levels in the reservoir, water flows through the turbines of the power plant, and the amount of produced energy. In normal conditions of operation of the reservoir, water from the reservoir is drained through two pipelines of the power plant. The capacity of each of the pipelines reaches up to 35 m3s−1.





3. Results


Annual values of electricity production by the power plant on the Jeziorsko dam reservoir in the period 1995–2021 were at a level from 12,432 MWh in 2020 to 26,915 MWh in 2001. The mean annual electricity production was 18,718 MWh. In total, since the launch of the power plant, 505.4 GWh of electricity has been produced. The variability coefficient of annual energy production by the power plant is calculated as the ratio of the standard deviation and the average value is 19.9%. Monthly values of electricity production were at a level from 442 MWh to 2941 MWh. The highest values of energy production were obtained in April and May, and the lowest in January, February, November, and December (Figure 2).



In May, the average energy production was 2023 MWh, with a minimum and maximum value of 782 and 2941 MWh, respectively. In December, energy production averaged 1167 MWh. In the years 1995–2021, values of energy production in December varied from 481 to 2125 MWh. The variety coefficients of energy production by the power plant in particular months were in a range from 25.9% in May to 35.1% in July. The analysis of monthly and annual data on energy production by means of wild binary segmentation (wbs) showed the occurrence of change points in as many as 9 months. The highest number of change points was found in January (3 changes in 1998, 2011, and 2012), August (4 changes in 1999, 2002, 2010, and 2012), and December (5 changes in 1997, 2010, 2011, 2017, and 2018). In other months, single change points occurred in March (1998 and 2012), April (2014), June and July (2003), and October (2001 and 2002). In February, May, and September, no change points were identified. WBS showed one change point for annual values in 2014, associated with a change in the operation of the reservoir, i.e., the reduction of water level in the reservoir by 0.5 m in the period from 16 April to 15 September (Table 1).



The analysis of changes in annual values of electricity production in the years 1995–2021 by means of a Mann-Kendall test showed a decreasing trend. The value of Sen’s statistic, showing the slope of the trend line, is −304 MWh per year. The described trend showing a decrease in energy production is statistically significant at a level of 0.01 (Figure 3, Table 2). The analysis of changes in monthly values of electricity production pointed to a decreasing trend in the period from April to August. The changes varied from −24.5 MWh per year to −55.1 MWh per year. The aforementioned trends were statistically significant at a level of 0.05 in May and June, and significant at a level of 0.01 in April, July, and August. A decreasing trend in energy production by the Jeziorsko power plant was also observed in other months in a range from −3.5 to 27.9 MWh per year, although the changes are not statistically significant.



The amount of produced energy is directly related to the water level in the reservoir (height of decrease) and the amount of water flowing through the turbines. The course of mean monthly water levels in the dam reservoir in the period 1995–2021 is presented in Figure 4. The highest water levels in the reservoir were maintained in the period from April to July and the lowest in January and December. The way of operation of the reservoir and the variability of water flow in the Warta River affect the distribution of water levels on a daily, monthly, and annual scale. The course of mean monthly water levels corresponds with those specified in the manual of water management in the reservoir that should be maintained in regular operating conditions. The lowest variability of mean monthly water levels in the Jeziorsko reservoir occurred in the period from May to July (the variance coefficients averaged 11.4%). The highest fluctuations occurred in December (the variance coefficient was 46.6%). It was observed that mean monthly water levels in the reservoir in April, May, and June showed a left-side distribution. It results from the way of operation of the reservoir, which in that period a water level of 120 m a.s.l. should be maintained (until 2014, the water level was maintained at 120.5 m a.s.l.). Due to the lack of sufficient water supply, however, or the conducted renovation works within the dam embankment, it could not always be ensured. The opposite situation occurs in January, February, and December, where the distribution is right-sided. In these months, the water level should be maintained at a height from 116.0 to 116.3 m a.s.l., although periodically occurring floods during that time cause its exceedance.



The application of wild binary segmentation permitted the identification of change points in the set of mean monthly water levels. Only in December, the WBS method showed no occurrence of change points. In the remaining months, from 1 (October) to 4 (January, April, June, and September), change points occurred. Part of these points suggest changes in the way of operation of the reservoir in 1998/1999, 2008, and 2014, and the remaining ones point to a change in the course of climatic and hydrological conditions in the analyzed period. In April, May, and June 2014, the changes resulted from the change in the operation of the reservoir, i.e., the reduction of the water damming level from the ordinate of 120.5 to 120.0 m a.s.l. In 1998/1999, change points were recorded for January, August, and September, and in 2008/2009 in April. Moreover, change points usually occurred in 2002 (February, April, June, July, October, and November), 2003 (February, March, September), and 2011 (January and March).



The analysis of changes in average water levels in the reservoir showed a decreasing trend in all months (Table 3). In the period from April to July, a decreasing trend at a level of 0.01 occurred, and the values of the Sen’s coefficient varied from −0.037 to −0.045 m per year. In March, in the period from 1995 to 2021, an even greater decrease in the water level in the Jeziorsko reservoir occurred by approximately −0.06 m per year (a change significant at a level of 0.05). Moreover, in the remaining months, a decreasing trend occurred, although the changes were not statistically significant. Considering mean annual water levels in the Jeziorsko reservoir, a decrease also occurred in that scope, at a rate of −0.034 m per year. The trend is statistically significant at a level of 0.01 (Figure 5).



Mean monthly water flows through the turbines of the hydropower plant on the Jeziorsko dam reservoir varied from 16 m3s−1 to 71.2 m3s−1. The greatest water supply to the power plant occurred in April, averaging 45.2 m3s−1, and the lowest in June, averaging 34.4 m3s−1 (Figure 6). The range of changes in water flows through the power plant in particular months was at a level from 39.9 to 54.0 m3s−1 in January and June, respectively. The variance coefficients of water flows through the power plant vary from 22.6% in October to 41.3% in June. The analysis of water flows through the power plant by means of wild binary segmentation showed the occurrence of change points in 8 months. The highest number of change points occurred in June (5 change points in 2001, 2003, 2010, 2013, and 2014) and July (4 change points in 1997, 2003, 2009, and 2015). In the remaining months, 2 (4 times) or 1 change point occurred (2 times). In February and September, one change point occurred in 1998 and 2002, respectively. Two change points were recorded in March (1998 and 2012), April (1998 and 2014), August (2002 and 2012), and October (1996 and 2003). No changes occurred in January, May, November, or December. On the annual scale, wbs revealed two occurrences of change points—in 1999 and 2015.



The analysis of changes in mean monthly flows through the Jeziorsko hydropower plant showed a decreasing trend. The greatest changes in flows through the power plant occurred in April, July, and August when the value of the Sen’s slope varied from −1.201 to −1.090 m m3s−1. The changes are statistically significant at a level of 0.01 (Table 4). Moreover, significant changes in this parameter were observed in June, September, and October, and their value was −0.502, −0.927, and 0.587 m3s−1, respectively. They were changes significant at a level of 0.05. In the remaining months, a decreasing trend occurred. In January, changes in flows through the power plant were the smallest. The presented changes in monthly flows through the Jeziorsko power plant are reflected in the annual values. The analysis showed a decreasing trend of the value of the mean annual flow through the power plant, reaching −0.761 m3s−1, statistically significant at a level of significance of 0.01 (Figure 7).



A complex analysis of the causes of the decrease in energy production by the hydropower plant requires the analysis of water flows in hydrological stations below and above the dam reservoir. Mean annual flows in the Warta River above the Jeziorsko reservoir in hydrological station Sieradz varied from 26.4 m3s−1 in 2020 to 70.6 m3s−1 in 2001, averaging 42.9 m3s−1. The highest mean monthly flows in the hydrological station in Sieradz were recorded in March (average 61.7 m3s−1), and the lowest in August and September (average 31.3 and 31.1 m3s−1) (Figure 8a). In the analyzed period, the highest variability of mean monthly flows occurred in July (variance coefficient of 84.2%), and the lowest was in March (32.9%). Below the Jeziorsko reservoir, flows of the Warta River were at a somewhat higher level. Mean annual flows in hydrological station Uniejów in the period 1995–2021 varied from 28.5 to 74.9 m3s−1, averaging 46.1 m3s−1. Considering mean monthly flows, their distribution was observed to differ from that above the reservoir. The lowest values of mean monthly flows occurred in June (average of 40.1 m3s−1), and the highest was in January (average of 50.8 m3s−1) (Figure 8b). In the analyzed period, the highest variability of mean monthly flows in station Uniejów occurred in July (variance coefficient 73.4%), and the lowest in October and November (30.1% and 30.4%, respectively). The comparison of various coefficients of flows above and below the dam reservoir revealed a greater variability of flows in hydrological station Sieradz in July, September, October, and November (differences higher than 5%). In January, February, March, and June, the variability of flows was at a higher level in the hydrological station Uniejów below the reservoir.



The analysis of mean annual flows in the period 1995–2021 in both hydrological stations showed a decreasing trend significant at a level of significance of 0.01. The Sen’s slope values reached −1.11 and −1.29 m3s−1 per year (Figure 9).



Considering mean monthly flows, most of them showed a decreasing trend in both hydrological stations. At hydrological station Sieradz, significant decreasing trends were identified in almost all months, with the exception of January, February, and May. The range of the changes is from −0.59 to −1.74 m3s−1 per year (Table 5). Moreover, in the hydrological station Uniejów, significant decreasing trends were observed in seven months, with the exception of January, February, May, October, and December. The range of changes in flows expressed by Sen’s slope varies from −0.68 to −1.71 m3s−1 per year.



Considering the number of days with flows below the threshold values of Q70%, an increasing trend was observed for the hydrological stations in Sieradz and Uniejów in the period 1995–2021 (Figure 10). At the hydrological station Sieradz, the number of days with flows below 29.2 increases from year to year at an average rate of 7.1 days per year. At the hydrological station Uniejów, the number of days with flows below the value of 32.4 increased even more, reaching approximately 8.5 days per year.



Changes in flows of the Warta River in hydrological stations Sieradz and Uniejów primarily result from the course of the climatic conditions. The analysis of air temperatures in station Puczniew in the years 1995–2021 showed an increasing tendency in all months except for May. In March, June, August, September, and December, the changes were statistically significant (Table S1). The range of air temperature changes was from 0.60 to 1.24 °C per decade. In January, February, April, June, October, and November, the changes varied from 0.42 to 0.58 °C per decade, although they were not statistically significant at a level of significance of 0.05. On the annual scale, an increasing trend occurred at a level of 0.58 °C per decade, statistically significant at a level of 0.05. Regarding precipitation, its monthly changes were not statistically significant (Table S1). The directions of its changes in particular months were also opposite. In January, June, August, September, October, and December, an increasing trend occurred in a range from 1 to 12 mm per decade, and in March, July, and November, a decreasing trend in a range from –2 to –12 mm per decade. No changes occurred in February or April. On the annual scale, a slight increasing trend of precipitation occurs at a level of 6 mm per decade. Similar study results showing a lack of statistically significant changes in the distribution of multiannual precipitation are also presented by analyses performed for the last 30-year period for synoptic stations in central Poland [25].



Finally, a correlation was searched for between monthly values of electricity production and water levels in the reservoir, water flows through the power plant, and products of water level in the reservoir and flow through the power plant (Figure 11 Time series of analyzed values from 1995 to 2021 are shown in Figure S1. The correlation analysis showed that energy production in subsequent months is correlated the strongest with the product of water level in the reservoir and flow through the power plant. The correlation is expected and obvious. The analysis of the individual effect of water level in the reservoir on electricity production suggests that this parameter is of greater importance than flow in January, October, November, and December. From March to September, flows have a greater effect on energy production by power plants. In those months, water in the reservoir is at a constant level (120.5 or 120 m a.s.l.), and the variable determines the production flow through the turbines of the power plant. In February, the effect of the water level in the reservoir and the flow through the power plant are at an approximate level. It is a month of launching of the process of filling the reservoir from a level of 116.3 to 120.0 m a.s.l. (earlier, until 2014, to a level of 120.5 m a.s.l.).



The directions of changes in electricity production in the context of changes in hydrological parameters are presented in Figure 12. All months evidently show a decreasing trend in hydrological parameters and electricity production by the hydropower plant on the Jeziorsko dam reservoir. An increasing trend in air temperatures is also evident, translating into an increase in the volume of evaporation and prolongation of the growing season, which, in the case of precipitation maintained at a comparable level, results in a decrease in the amount of surface water resources [26,27,28,29].




4. Discussion


The awareness of care for the environment, both for our comfort of life and for future generations, is becoming increasingly widespread. Such an approach is accompanied by the popularization of a number of new solutions or expanding the currently existing ones, also regarding the energy sector. In that area, the main focus is put on limiting greenhouse gas production, aimed at obtaining zero emissions. In the case of Poland, according to simulations by Li et al. [30], obligations regarding a decrease in the share of carbon in energy production by 2030 will be met. The implementation of these postulates requires a considerable transformation of energy production, currently based on carbon. Consideration of renewable energy sources is becoming increasingly important, and although the direction of such activities is fully justified, the implementation of the set assumptions poses a number of difficulties. One of the important issues concerns the instability of the production of “clean” energy, which is determined by natural conditions. It is confirmed by results obtained in the paper, revealing a trend for the diminishment of water resources. Due to their direct and indirect dependency on climatic variables, renewable energy sources will be exposed to the impact of changes in that scope [31]. Global warming will directly affect the quality and quantity of water resources, constituting important factors for the hydropower production potential [32]. One of the factors sensitive to climate change in hydropower plants is the value of the input flow to the reservoir [33]. The obtained results confirm the aforementioned concerns regarding hydropower production, where its successive decrease results from the unfavorable meteorological-hydrological situation observed in the analyzed multiannual period. In the conditions of statistically non-significant changes in the course of precipitation totals, an increase in air temperatures is of key importance. It contributes to greater losses due to evaporation and, consequently, a decrease in river alimentation. Moreover, water that reaches Warta from the catchment area is subject to more intensive evaporation from the surface of the reservoir due to higher temperatures [34].



According to Kim et al. [35], the forecasted changes in inflow to reservoirs and the potential for hydropower production are divergent in time, whereas extreme situations will intensify, resulting in high sensitivity of the catchment to climate and uncertainty in the scope of supply of the system and energy production potential. In the case of the Bamboi catchment, a decrease in the production of hydropower is forecasted by 9.1% (2020–2049) and 8.4% (2070–2099). It results from an increase in discharge in the rainy season (that cannot be transformed into hydropower) in combination with a decrease in the discharge in dry months [36]. According to Rončák et al. [37], the hydropower potential of small, flow-through, and retention hydropower plants is strongly related to the distribution of outflow over the year and therefore may contribute to not only a complete change in outflow but also changes in its distribution in the future. Forecasts of changes in water flow presented by van Vliet et al. [38] in reference to the area analyzed in the paper showed a relatively stable distribution (changes from −5 to 5%), but also a situation of its evident decrease (changes from −20 to −40%), and both forecasts depend on the assumed scenario of climate change. The results obtained for the Tremorgio hydropower plant (Switzerland) suggest that climate change will modify the seasonality of inflows and volumes used for the production of hydropower. Importantly, adaptation strategies in the management of reservoirs may minimize losses/maximize profits [39]. Low flow is an increasingly serious problem, although reservoirs can be used to mitigate the negative effect on water supply in dry periods [40]. In the case of the Warta catchment, even carefully designed hydrotechnical structures offer no guarantee for the stabilization of water circulation, as confirmed by the example of Lake Powidzkie [41]. These findings help increase awareness of the complicated situation in the context of conducting proper management of the Jeziorsko reservoir and, consequently, the existing power plant. One of the primary objectives of the construction of the reservoir analyzed in the paper was shaping water resources through control of water flow in the scope of low and high flows [42], and in the later period (eight years after the launch of the dam), the activity was extended by energy production. The successively worsening hydrological situation in the Warta catchment is a threat to the multifunctionality of the reservoir, and the operation of the hydropower plant (due to other priorities assumed from the beginning of its existence) is primarily threatened with a decrease in efficiency. It is therefore a broader problem of a decrease in the share of energy production from renewable sources in the context of climate change. For example, research conducted for three reservoirs in Canada showed that the reliability of hydropower will decrease by more than 50% from the perspective of future climate change [43]. It should generally be emphasized that the relations of renewable energy sources with climate change leads to a feedback effect; i.e., climate changes destabilizes the production of clean energy, which increases the use of fossil fuels, and their combustion contributes to global warming.



Shu et al. [44] discuss two strategies for mitigation of the effect of climate change on hydropower production. One of them involves an increase in the share of hydropower as renewable energy (a decrease in the emission of greenhouse gases), and the other is based on the optimization of the operation and management of hydropower plants. In this context, it is necessary to conduct more detailed research in the Warta River catchment, where, in accordance with the obtained results, the effects of climate change on the course of hydrological processes are increasingly evident. Complex and accurate assessment of all components shaping water flow in the river (both natural and artificial) will permit appropriate management of hydropower production, also contributing to the implementation of the international obligations declared by Poland. In times of climate change, investment in the development of knowledge is recommended to make enterprises, institutions, and even states resistant to the upcoming transformations [45]. According to earlier research [46] in the territory of Poland (Nysa Łużycka) regarding risk analysis related to the effect of climate changes on water resources and hydropower production, similar directions of activities for the analyzed area can be pointed out. For the purpose of mitigating the effect of climate change on water resources, Adynkiewicz-Piragas and Miszuk [46] recommend, among others, the following: analysis of legal regulations and their adaptations, water retention and sustainable use of water resources, changes in river valleys (creating buffer zones, reclamation of valleys and channels), amendments to strategic documents of self-governments (taking into consideration the aspect of climate change and its effect on residents and the economy), and an increase in awareness in the scope of present and future water resources (provision of information to residents and local authorities). It should be emphasized that in the case of the Warta River catchment, a program to increase retention through the construction of new hydrotechnical facilities and the modernization of older ones—often failing to meet the original objectives of their operation—is being successfully implemented.




5. Conclusions


Energy production by the hydropower plant on the Jeziorsko dam reservoir was characterized by high variability on the multiannual and annual scales. Extreme annual values of energy production in the years 1995–2021 differed by more than twice. Monthly variability on the annual scale was even greater, and changes in the volume of energy production on the multiannual scale differed even four-fold. The research showed a decreasing trend in energy production. Significant decreases in energy production were determined for annual and monthly time intervals from April to September. Changes in energy production were primarily determined by a decrease in flows of the Warta River. As many as 9 months showed a significant decreasing trend. A decrease in the flow of the Warta River translated into a limited possibility of maintenance of the assumed water levels in the Jeziorsko dam reservoir, resulting from the water management schedule. A decrease in water levels in the reservoir in subsequent months and a decrease in water flows through the turbines of the power plant affected electricity production. A factor limiting energy production in January, October, November, and December was the water level in the reservoir. In the period from March to September, it was water flow. The analysis showed that climatic factors largely determined energy production, particularly through a decrease in the flows of the Warta River. Particularly evident decreases in energy production have occurred over the last 10 years. Another factor determining energy production was changes in the rules of water management in the reservoir, and particularly a change in the water damming levels in the reservoir and periods of their maintenance. According to the obtained results, flow-through power plants at dam reservoirs are subject to pressure resulting from climate change. The water management in the reservoir is carried out according to certain rules. Adverse climate changes translate into the more frequent occurrence of low flows in Warta and the inability to achieve the normal damming level. As a result, a further downward trend in energy production will also continue. A way to counteract this process could be to change the manual of water management, which would give the possibility of more flexible and effective water management, especially during the summer. Appropriate rules enable the interception of larger amounts of water in the reservoir during periods of its surplus and use in times of shortages. This would allow for the elimination of unproductive discharges through the weir. The administration of the Jeziorsko reservoir plans to change the manual water management based on the conducted research. Future research should focus on the optimization of the rules of water management, with consideration of both the conditions of flood safety, droughts occurring with greater frequency, and the needs of the nature reserve established on the reservoir in the context of the observed changes in climatic conditions. It is important to consider more flexible operating rules for the reservoir, including operational management based on meteorological and hydrological forecasts. Addressing these issues is important from the point of view of energy sector transformations in Poland resulting from the implementation of the European Green New Deal and Fit for 55 package.
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Figure 1. Location of the study object. 
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Figure 2. Monthly changes in energy production by the Jeziorsko hydropower plant. 
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Figure 3. Direction of annual changes in electricity production by the Jeziorsko hydropower plant in the period 1995–2021. 
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Figure 4. Distribution of mean monthly water levels in the Jeziorsko reservoir. 
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Figure 5. Changes in mean annual water levels in the Jeziorsko reservoir in the period 1995–2021. 
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Figure 6. Mean monthly water flows through the hydropower plant on the Jeziorsko reservoir in the period 1995–2021. 
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Figure 7. Changes in mean annual water flows through the Jeziorsko hydropower plant in the period 1995–2021. 
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Figure 8. Changes in mean monthly water flows in hydrological stations Sieradz (a) and Uniejów (b) in the period 1995–2021. 
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Figure 9. Changes in mean annual water flows in hydrological stations Sieradz and Uniejów in the period 1995–2021. 
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Figure 10. Changes in the durations of flows below the value of Q70% in the Warta River in hydrological stations Sieradz and Uniejów in the years 1995–2021. 
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Figure 11. Analysis of the correlation coefficient between energy production by the Jeziorsko hydropower plant and selected hydrological parameters. 
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Figure 12. Directions of changes in energy production in the Jeziorsko hydropower plant and climatic and hydrological parameters. 
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Table 1. Dates and damming levels of the Jeziorsko reservoir.
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Date/Damming m a.s.l.




	

	
22 October 1992

	
23 December 1998

	
29 October 2008

	
29 August 2014






	
Filling

	
1 February–15 April

From 116.3 to 121.5

	
1 February–15 April

From 116.3 to 120.5

	
1 February–15 April

From 116.3 to 120.5

	
1 February–15 April

From 116.3 to 120.0




	
Maintenance of the obtained damming level

	
16 April–30 June

121.5

	
16 April–30 June

120.5

	
16 April–30 June

120.5

	
16 April–15 September

120.0




	
Adjustment of the water level

	
1 July–30 November

121.5–116.3

	
1 July–30 November

120.5–116.3

	
1 July–31 December

116.3–120.5

	
16 September–31 December

116.3–120.0 m




	
Maintenance of the obtained damming level

	
1 December–31 January

116.0–116.3

	
1 December–31 January

116.0–116.3

	
1 January–31 January

116.0–116.3

	
1 January–31 January

116.0–116.3
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Table 2. Changes in monthly and annual values of energy production by the Jeziorsko hydropower plant in the period 1995–2021.
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	Period
	S
	Z-Value
	Sen’s Slope

(MWh)
	p-Value





	January
	−29
	−0.62
	−3.5
	0.537



	February
	−29
	−0.62
	−8.4
	0.537



	March
	−75
	−1.63
	−27.9
	0.103



	April
	−143
	−3.13
	−43.4
	0.002 **



	May
	−93
	−2.03
	−24.5
	0.043 *



	June
	−117
	−2.56
	−28.7
	0.011 *



	July
	−181
	−3.97
	−55.1
	0.000 **



	August
	−141
	−3.09
	−47.0
	0.002 **



	September
	−55
	−1.19
	−20.7
	0.234



	October
	−43
	−0.93
	−9.0
	0.355



	November
	−31
	−0.66
	−10.4
	0.508



	December
	−41
	−0.88
	−8.6
	0.378



	Year
	−151
	−3.31
	−303.8
	0.001 **







*—significant at a level of 0.05, **—significant at a level of 0.01.
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Table 3. Changes in mean monthly and annual water levels in the Jeziorsko reservoir in the period 1995–2021.
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	Period
	S
	Z-Value
	Sen’s Slope

(m)
	p-Value





	January
	−87
	−1.90
	−0.019
	0.058



	February
	−55
	−1.19
	−0.033
	0.234



	March
	−105
	−2.29
	−0.067
	0.022 *



	April
	−177
	−3.88
	−0.045
	0.000 **



	May
	−168
	−3.68
	−0.037
	0.000 **



	June
	−165
	−3.61
	−0.037
	0.000 **



	July
	−122
	−2.67
	−0.043
	0.008 **



	August
	−41
	−0.88
	−0.022
	0.378



	September
	19
	0.40
	0.012
	0.692



	October
	−1
	0.00
	−0.002
	1.000



	November
	−35
	−0.75
	−0.021
	0.454



	December
	−47
	−1.01
	−0.015
	0.311



	Year
	−129
	−2.82
	−0.034
	0.005 **







*—significant at a level of 0.05, **—significant at a level of 0.01.
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Table 4. Changes in mean monthly and annual flows through the Jeziorsko hydropower plant in the period 1995–2021.
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	Period
	S
	Z-Value
	Sen’s Slope

(m3s−1)
	p-Value





	January
	−11
	−0.22
	−0.072
	0.826



	February
	−41
	−0.88
	−0.377
	0.378



	March
	−87
	−1.90
	−0.681
	0.058



	April
	−121
	−2.64
	−1.122
	0.008 **



	May
	−85
	−1.85
	−0.632
	0.064



	June
	−95
	−2.07
	−0.502
	0.038 *



	July
	−193
	−4.23
	−1.090
	0.000 **



	August
	−169
	−3.70
	−1.201
	0.000 **



	September
	−115
	−2.51
	−0.927
	0.012 *



	October
	−99
	−2.16
	−0.587
	0.031 *



	November
	−77
	−1.68
	−0.553
	0.094



	December
	−81
	−1.76
	−0.575
	0.078



	Year
	−173
	−3.79
	−0.761
	0.000 **







*—significant at a level of 0.05, **—significant at a level of 0.01.
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Table 5. Changes in mean monthly and annual water flows in hydrological stations Sieradz and Uniejów in the period 1995–2021.
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Sieradz

	
Uniejów




	
Period

	
S

	
Z-Value

	
Sen’s Slope

(m3s−1)

	
p-Value

	
S

	
Z-Value

	
Sen’s Slope

(m3s−1)

	
p-Value






	
January

	
−55

	
−1.19

	
−0.495

	
0.234

	
−25

	
−0.53

	
−0.338

	
0.597




	
February

	
−65

	
−1.41

	
−0.902

	
0.158

	
−75

	
−1.63

	
−0.945

	
0.103




	
March

	
−163

	
−3.57

	
−1.742

	
0.000 **

	
−107

	
−2.34

	
−1.490

	
0.019 *




	
April

	
−173

	
−3.79

	
−1.102

	
0.000 **

	
−149

	
−3.26

	
−1.710

	
0.001 **




	
May

	
−89

	
−1.94

	
−0.734

	
0.052

	
−83

	
−1.81

	
−0.840

	
0.071




	
June

	
−145

	
−3.17

	
−0.586

	
0.002 **

	
−129

	
−2.82

	
−0.675

	
0.005 **




	
July

	
−147

	
−3.22

	
−1.059

	
0.001 **

	
−201

	
−4.41

	
−1.459

	
0.000 **




	
August

	
−133

	
−2.91

	
−0.717

	
0.004 **

	
−191

	
−4.19

	
−1.391

	
0.000 **




	
September

	
−115

	
−2.51

	
−0.655

	
0.012 *

	
−119

	
−2.60

	
−0.839

	
0.009 **




	
October

	
−121

	
−2.64

	
−0.692

	
0.008 **

	
−83

	
−1.81

	
−0.632

	
0.071




	
November

	
−129

	
−2.82

	
−0.947

	
0.005 **

	
−93

	
−2.03

	
−0.748

	
0.043 *




	
December

	
−105

	
−2.29

	
−0.631

	
0.022 *

	
−81

	
−1.76

	
−0.719

	
0.078




	
Year

	
−179

	
−3.92

	
−1.106

	
0.000 **

	
−175

	
−3.84

	
−1.289

	
0.000 **








*—significant at a level of 0.05, **—significant at a level of 0.01.
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