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Abstract

:

Hydropower is an important element of the power system and has a positive impact both on economic development and on slowing down climate change. However, apart from the advantages, there are also disadvantages mainly related to environmental impact. The article discusses these issues and shows the problems and challenges that companies producing energy from water are currently facing, both in Africa and in Europe, especially in Poland. An important aspect discussed in the article is a new look at the installed capacity in terms of per capita and the presentation of insufficient generation capacity in African countries, and the constant problem of energy poverty. In Poland, on the other hand, attention was paid to the low production capacity resulting from the geographical location (mainly lowlands) and the occurring climatic phenomena (insufficient rainfall and the appearance of droughts).
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1. Introduction


Systematically conducted observations clearly show that we are affected by the climate crisis and, at the same time, a crisis of global biodiversity is noticed [1,2]. Another crisis is associated with the biodiversity and climate crisis, namely the crisis related to the availability of water, including freshwater, and thus drinking water [3]. Rising global temperatures is one of the main causes of this problem. The increase in global temperature is presented in Figure 1.



In Figure 1, the black line with black points is the global annual mean and the red line is the 5-year lowess smooth. The grey shading represents the total (land surface air temperature and sea surface temperature) uncertainty at a 95% confidence interval.



The systematic climate warming observed for several decades is related to changes in the large-scale hydrological cycle, such as: increasing the water vapor content in the atmosphere; currently unpredictable changing climatic patterns; intensity and extreme rainfall; reduced snow cover caused by melting glaciers around the world; and changes in soil moisture and runoff [5]. A key element of climate change is the impact on the Earth’s water cycle, which continuously supplies water from the oceans to the atmosphere, to land and to rivers and lakes, and then back to our seas and oceans. Climate change increases the level of water vapor in the atmosphere and makes water availability less predictable. It should be remembered that during a flood, most of the rainwater is quickly lifted by swollen rivers to salty seas and oceans, so despite its excess, fresh water is not stored during this phenomenon [2]. The negative impact of climate change will be manifested, inter alia, in the increasing number of floods, heat waves and forest fires. Climate change is leading to more intense rainfall in some areas (e.g., current Pakistani flood-August/September 2022), while in other regions more severe dry conditions may be experienced (e.g., current California drought and fires, summer 2022) [6,7].



Climate change affects the water cycle, which in turn affects the amount, frequency and location of rainfall. Over time, it also leads to the occurrence of violent weather events [8]. Progressive climate change is disrupting existing weather patterns, leading to extreme weather events, unpredictable water availability, increasing water scarcity and the emergence of phenomena that contaminate drinking water supplies [9]. Water, in addition to supporting life functions, is also an important energy carrier and is used in the energy sector. Water and energy are some of the basic resources needed for basic functioning, improvement of living conditions and sustainable development. These two main resources, water and energy, are therefore important for the maintenance of life on earth, important for human well-being and economic activity. Producing energy from water is also crucial in trying to contain global warming.



At this point, it is worth paying attention to studies that show that water reservoirs and hydroelectric plants are also a source of greenhouse gas emissions [10,11]. However, compared to the production of energy from fossil fuels, the carbon footprint of hydro-energy is many times lower [12]. Greenhouse gases such as carbon dioxide and methane are the main emitters contributing to the increase in the greenhouse effect. Little has been said so far about damming reservoirs and hydropower plants as sources of methane emissions. CO2 and CH4 emissions arise mainly due to the decomposition of organic matter and faster turbulence processes in the dam and diffusion into the atmosphere. Methane is produced at the bottom of reservoirs where oxygen is scarce, and bacteria break down organic matter such as wood and grass that is already present or carried by water courses. [13]. In hydropower plants, large amounts of CH4 can be released from water passing through turbines and overflows because the water intakes are far below the surface where the concentration of CH4 increases rapidly with depth. [14]. Although methane breaks down relatively quickly in the atmosphere compared to carbon dioxide, it is a big problem for climatologists. Methane only stays in the atmosphere for about a decade, while CO2 persists for several centuries [13]. In order to reduce the negative environmental impact of hydroelectric power plants, various innovative engineering solutions are being developed to reduce emissions and recover CH4 from hydroelectric dams [14].



The management and development of energy-producing enterprises in the light of the observed climate and environmental changes is a challenge faced by decision-makers at the local as well as governmental levels. Enterprises in the energy sector face the challenge of adapting to legal (directives, regulations) and environmental requirements (limiting the negative impact on the climate and the environment). These enterprises will invest in innovative solutions based on renewable energy sources (solar, wind and water energy). In the surrounding landscape, not only photovoltaic installations or wind farms, but also hydropower plants appear more and more often. An advocate of water-powered power plants is the International Energy Agency (IEA), which assumes that by 2050 the power of hydroelectric power plants should be doubled. It should also be remembered that severe drought conditions in many parts of the world, including Brazil, the United States, China and Turkey, reduced global hydropower production [15]. Climate change and global warming is a global phenomenon, but its effects affect the situation of individual countries. The article analyses the links that exist between the climate, water status and energy globally in Africa and Europe, and then analyzes the same aspect in Poland.



Global warming may have an impact on the design problems of dams and hydroelectric power plants, as even a modest climate change is enough to significantly change rainfall type and hydrology, making energy production more unpredictable. Designers assume that historical hydrological variables—such as mean annual river flow, annual flow variability and seasonal distribution of river flow—are reliable guidelines for the future. However, as global warming increases, there is likely to be a significant change in seasonal and annual rainfall patterns and other factors affecting rainfall. Calculations of the amount of water to move the turbines in dams, the maximum flow that will have to pass through the passages and the rate at which the tanks fill with sediment will therefore become increasingly unreliable [16]. In hydropower, there may be a reduction in power generation from power plants due to drought. Some hydropower plants will not be running during this time due to lack of water, and many others may run with less power. Due to the occurring hydrological drought, there is a great risk of limiting the power of industrial power plants in the summer. The phenomenon of drought may also have a negative impact on other types of power plants, as in large-scale power engineering, where a significant amount of water is required in the production, purification and distribution processes [17]. Water is essential in energy as it is used for cooling in fossil fuel power plants. Power plants require cooling with water from rivers or other reservoirs in the so-called open circuit. In many countries, including Poland, there are still many power plants that draw water directly from rivers. This means that hot weather, no precipitation and low water levels may result in the necessity to close some blocks [2].



The structure of the article consists of an introduction discussing and presenting the main problems facing hydropower in terms of climate change and five detailed sections analyzing and discussing the issues of hydropower in Africa, Europe and Poland. The first section is devoted to hydropower in Africa and Europe. This section shows how the novel amount of energy produced from water is relative to the number of inhabitants of each country. In the case of Africa, insufficient energy production contributes to energy poverty. The next section deals with the hydrological situation in Poland. The hydrological situation of the country and the resulting problems facing the entire economy and individual enterprises are presented. The next three sections analyze, respectively, the possibilities of building new hydropower stations in Poland, the challenges faced by the energy and water sector in Poland, and the energy and environmental aspects of new projects related to the construction of dams.



A new approach in the conducted research is to compare the volume of energy production from water per capita. The research and analyses conducted so far take into account the volume of hydropower production in individual countries in absolute terms. This type of presentation of energy production does not reflect the actual energy demand of the population of a given country.




2. Materials and Methods


The research was carried out according to the inductive research model with the use of qualitative methods, which include, among others, desk research and observations. On the basis of the inductive research model, general conclusions were formulated based on desk research and observations of specific phenomena. The specificity of the analyzed topic made it possible to apply the above-mentioned methods and obtain consistent results. The desk research analysis performed consisted in getting acquainted with the available sources of published data and included, in particular, their compilation, mutual verification and processing. In the desk research analysis, papers from journals related to climate change, hydropower engineering and the data contained in reports of international institutions dealing with the above-mentioned topics were used. Moreover, the author relied on internet articles presenting the latest issues regarding investment plans in the field of hydropower. The observations were made personally by the author in Europe and in African countries. Two continents were selected for research and observation on which the author conducted scientific research. In Africa, research was carried out in Egypt, Ethiopia, Tunisia and Guinea-Conakry, and in Europe, research was carried out in Italy, Portugal, France, Sweden and Turkey.




3. Literature Review


Various aspects related to water, climate change and hydropower are presented in the literature review. The papers presented in the table introduce the most important issues related to the discussed problems that arise in the era of climate change. The aspect of glacier melting, climate warming in the mountains and in the lowlands, violent unforeseen weather phenomena (hurricanes, floods, droughts) and the issues of clean energy production in hydroelectric power plants in Africa and Europe were presented in individual papers included in the literature review. Table 1 presents selected papers from international journals with IF, which are of key importance for the analyzed topic.




4. Hydro Energy in Africa and Europe


The idea of comparing two continents, Africa and Europe, is to show the problems related to hydropower and the development of this branch of the energy sector in two different economic conditions. African countries are characterized by a low gross domestic product (GDP), while European countries are characterized by a very high and average GDP index. For all of Africa, GDP amounted to USD 2,692,597 (billions) in 2021 while in Europe it was at the level of USD 23,481,228 (billions) in 2021. Thus, Africa represents poor continents and Europe represents rich continents. Summary of GDP for individual continents is presented in Table 2.



4.1. Water and Electricity Situation in Africa


Population growth, urbanization, climate anomalies and global warming all cause chronic water scarcity. Africa is the continent with the longest river in the world, the Nile, and it is rich in other major rivers such as Congo, Niger, Zambezi and Ubangi-uele. At the same time, the people of Africa have huge problems with access to clean water. Water scarcity affects more than 40 percent of the world’s population and the problem will increase in the decades to come. The urban population in developing countries will increase rapidly, generating an increasing demand for water. Africa is the second-largest continent in the world with a population of over 1.3 billion people, which translates into a systematic increase in the consumption of economic goods, water and energy. Data on the energy situation show that only one in four people living in sub-Saharan Africa has access to electricity. Due to the continuous increase in energy demand, with the simultaneous lack of availability of sufficient financial resources, long-term forecasts of energy demand and supply are of key importance in Africa [32]. In sub-Saharan Africa, the rapid commissioning of large hydropower plants is progressing. It is related to business contracts that require meeting the deadlines related to their financing. Africa needs a significant increase in investment in the energy sector as Africa is currently one of the continents with the lowest level of energy investment [33].




4.2. Hydro Energy Development in Africa


Africa has a chance to be the first continent to develop its economy using renewable and efficient energy [34]. An example of the rapid development of hydropower can be Guinea-Conakry, where new hydropower projects have been developed in recent years, aimed at reducing the electricity deficit in the country and in the sub-region, and producing clean and cheap energy. The installed capacity of Guinea’s hydropower plants is 706 MW. At the same time, it should be noted that with the construction of dams, environmental problems arise due to the fact that the construction of a hydropower plant affects the surrounding natural environment. The construction of the power plant in Koukoutamba with a capacity of 294 MW is connected with destructive interference in the natural environment. The Koukoutamba hydropower infrastructure will be built in the Bafing River Valley in Middle-Bafing National Park, which is one of the last remaining conservation areas for West African chimpanzees, an endangered primate species. Building a dam will have a devastating effect on the chimpanzee population. Environmentalists estimate that up to 1500 Western chimpanzees, one-twelfth of the country’s population, will die during the construction of the Koukoutamba hydropower plant. The leader on the African continent in the production of energy in hydroelectric plants is Ethiopia, which produces over 4000 MW. The construction of the 6350 MW Grand Ethiopian Renaissance Dam is currently underway, the construction of which began in 2011 on the Nile. The power plant is to improve the country’s energy situation and turn Ethiopia into an energy giant ensuring a relatively stable electricity supply. It should be emphasized, however, that such a huge undertaking resulted in a conflict with Sudan, and especially with Egypt regarding the risk of changing the water level in the Nile [32,35]. Numerous discussions have been held between scientists and negotiators in countries affected by the project’s environmental impact since construction began in 2011, but no agreement has yet been reached. Apart from changes in the water level on the Nile, possible hydrological changes are also discussed. They can adversely affect the fauna and flora, i.e., fish, aquatic plants and biodiversity, due to the possibility of changes in water temperature, salinity and oxygen content [35]. So far, the largest hydropower plant in Africa is Cahora Bassa with a capacity of 2075 MW in Mozambique [36] and Lauca hydropower plant with a capacity of 2071 MW in Angola [37]. Table 3 shows the ten African countries with the largest installed hydroelectric power.



When analyzing the volume of electricity production in hydroelectric plants, it is also worth referring to the population of a given country. In the conducted analysis, the capacity per capita indicator was used. Capacity per capita is a more accurate indicator than the capacity itself for a given country. Thanks to the use of “per capita”, we can see how much energy is produced per one inhabitant of the country. Owing to this indicator, we can conclude whether the country is at risk of energy poverty. From the data in the table, we can see that the most hydropower per person is in Zambia and Angola and the least in Nigeria and Egypt.



Hydropower remains the main renewable source for energy production on the African continent with over 38 GW of installed capacity. Africa has the greatest demand for energy investment among all continents. Although hydropower is the main supplier of renewable electricity in Africa, the continent has the highest untapped water potential in the world, with just 11 percent of its use [40].




4.3. Hydro Energy Situation in Europe


Hydropower has a long history in Europe and continues to be the leading source of low-carbon and renewable electricity. Europe is steadily moving towards a cleaner energy mix with renewable hydropower sources, making an important contribution to reducing the negative impact of energy on the climate [41]. The European countries with the highest installed hydro energy capacity are presented in Table 4.



Among the 10 European countries with the highest installed capacity, in terms of per capita, Norway ranks the highest and Germany the lowest. The comparison of the installed capacity from hydropower in the countries with the highest production in Europe and Africa shows that African countries produce small amounts of this type of energy per capita compared to European countries. This means that despite large hydropower structures, this type of energy still remains in the growth phase in Africa. This comparison between European and African countries is shown in Figure 2.



Looking at the energy situation in Africa shown in Figure 2, we can clearly see that energy production is insufficient and the countries of the African continent struggle with the problem of energy poverty. Comparing the installed capacity per capita in African and European countries, it can be seen that this is an order of magnitude difference to the disadvantage of Africa. There are significant shortages in terms of energy production. According to the World Bank’s Global Tracking Framework report, 7 of the 10 countries with the most limited access to electricity are in Africa [42]. In addition to the issue of energy poverty, the aspect of providing food is important. Water and energy resources also translate into food resources. Since the Bonn conference in 2011, particular attention has been paid to the linkages and feedback that exist between the water, energy and food sectors. It was also noted that global population, economic growth and climate change will lead to increased demand for energy, water and food [43].



In that research, the Pearson correlation coefficient (r), which is the most common way to measure linear correlation, was calculated. The correlation coefficient is calculated according to the Formula (1).


  r =    ∑   (   x i  −  x ¯   )   (   y i  −  y ¯   )       ∑     (   x i  −  x ¯   )   2   ∑     (   y i  −  y ¯   )   2       



(1)




where    x i  ,  y i    are the value of the variables   x , y   and    x ¯  ,  y ¯    are the average values of these variables.



The result of the calculated correlation is a number between −1 and +1, which measures the strength and direction of the relationship between the two variables. In the conducted research, the correlation coefficient between the variable x = GDP and the variable y = energy efficiency was calculated, as well as the correlation coefficient between the variable x = GDP and the variable y = energy efficiency per capita. The correlation coefficient “r” of variables for Africa and Europe is presented in Table 5.



In both cases presented in the table, both for Africa and Europe, the correlation coefficient r for GDP and energy efficiency variables was close to zero. This means that there is no correlation for these variables, i.e., the production of hydropower is independent of GDP. However, in a different way is the correlation coefficient r for the GDP and energy efficiency per capita. For Africa, the r index was −0.488 and for Europe it was −0.452. This means that for these variables, there is a negative correlation at a medium level, i.e., the higher the GDP of a given country, the lower the production of hydropower per capita. This fact can be explained in several ways, e.g., that countries with high GDP invest in other forms of energy than hydropower, or the impact on the low level of hydropower production results from environmental and climatic factors, or countries with high GDP will soon increase investments in hydropower.



The economies of countries that have hydroelectric power plants or intend to invest in hydropower are facing challenges and development prospects. Similarly, energy sector companies face challenges as well as having development prospects. The most important challenges and perspectives are presented in Table 6.



The hydropower challenges faced by the economy and businesses also translate into issues related to climate change. The shift from fossil fuels to renewable energy sources, including hydropower, reduces greenhouse gas emissions. If we compare the CO2 emissions generated during electricity production in power plants and combined heat and power plants on 1 kWh of energy with the production in hydroelectric plants, we have 758 g of CO2 and 24 g of CO2 per kWh, respectively. Including renewable energy in the energy mix, the amount of CO2 emissions per kWh drops to 719 g [44].



The possibility of producing electricity not only in large system power plants, but also in small hydropower plants, will allow for the implementation of the distributed energy model. Due to their specificity, hydropower plants can be located close to consumers, which reduces the distance of electricity transmission. Hydroelectric power plants also enable the improvement of the hydrological and hydrobiological balance of the surrounding areas. All these activities have a positive impact on the environment and at the same time slow down climate change.





5. Hydrological Situation in Poland—Low Water Level


The case study of Poland was chosen, because Poland is a good and clear example of the hydrological situation in Europe. It can be a representative example of the problems related to water availability and climate change affecting the current situation in Europe. In addition, Poland has limited freshwater resources, with an annual per capita availability of only 1400–1600 m3 (according to different sources), while water consumption is approximately twice the OECD average. The water deficit will be particularly important in Poland and may increase by as much as 30% in 2050 [45]. As it was mentioned, Poland has an aggregate average freshwater availability of 1400–1600 m3 per capita. It is one of the lowest values in Europe. Indeed, in large areas of Poland, water deficit is a common problem. A similar situation is also in other European countries, especially in the Mediterranean basin countries, so Poland may represent problems that arise in many European countries. Due to its geographic location and the resulting, among others, unfavorable hydrological conditions, Poland has one of the last places in Europe in terms of water resources. Poland is located in a warm temperate climate zone, constantly humid, with warm summers, in which rainfall exceeds evaporation, so theoretically, Poland should not have problems with water shortage. Meanwhile, the measurements show that the water level in the lakes is decreasing. Some of them are even disappearing (e.g., Wilczyńskie Lake and Kownackie Lake in the Gniezno Lakeland). The temporary location of Poland in the zone of contact between continental and oceanic air masses that causes rainfall shows high seasonal variability. An additional factor adversely affecting the country’s water resources are the increasingly more frequent snowless winters. The analysis of the phenomenon of water scarcity takes into account both the natural factors determining the water cycle and anthropogenic conditions related to water intake and its use. The causes of water scarcity in Poland are varied. The most important ones include: low water resources due to the natural features of the environment; changes in water resources due to fluctuations in the intensity of the water cycle; increase in water demand resulting from population growth, urbanization development, use in agriculture, raising the standard of living; water pollution which reduces the social, economic and environmental use of resources. According to the Central Statistical Office, it ranks 24th in the European Union in terms of services to one freshwater service provider. Therefore, water resources in Poland are relatively small, and additionally they are characterized by seasonal variability and area diversification [46].



In order to counteract the emerging unfavorable hydrological phenomena, both floods and droughts, retention reservoirs are built to increase water reserves. Retention reservoirs are artificial water reservoirs that enable increased water retention. This method of water storage is extremely important for the ecosystem because it increases the water supply intended for direct consumption, and its circulation in the environment is regulated and controlled. Most often they are formed on rivers by creating dams that obstruct the outflow of water. Thanks to them, water can be stored when there is an excess in order to be able to use it later in periods of drought. A list of Polish retention reservoirs is presented in Table 7.



Retention reservoirs in Poland are characterized by a small capacity, which in total does not exceed 6% of the annual water outflow volume from the country, which does not provide sufficient protection against periodic water excesses or deficits. In the south of Poland, in particular, the water-intensive industry and the development of demographic processes as well as specific geographic and hydrographic conditions result in water shortages. Additionally, in the southern parts of the country, there is significant variability of water flow in rivers during heavy rainfall and the movement of massive amounts of flood waters, such as rafting from mountain areas. In view of the above, it can be concluded that Poland belongs to the group of countries at risk of water deficit. For about a decade, we have been dealing with droughts in Poland every summer. However, there is a growing awareness of the water deficit and the need to take care of its resources. The water availability coefficient in Poland is 1600 m3/year/inhabitant (during droughts the indicator drops to as much as 1000 m3/year/inhabitant), while in Europe this indicator is 4500 m3/year/inhabitant and in the world 6000 m3/year/inhabitant [46]. Due to climate change, drought (meteorological, agricultural, hydrological and hydrogeological) is becoming more common in countries that appeared to be water-rich. The types of droughts occurring in Poland and their characteristics are presented in Table 8.



The distribution of the groundwater table position indicator in recent years in Poland indicated a deepening process of lowering the groundwater table in many regions of Poland, which was related to meteorological conditions and groundwater fluctuations responding to them. On a national scale, this process slowed down in 2020 and the groundwater table slowly began to rebuild. The first hydrological quarter of 2022 was again marked by a decrease in the value of the indicator to a level slightly below that recorded in the same period in 2017. It is important to monitor groundwater recharge and study groundwater flow [48].



Due to the frequent lack of precipitation in recent years and the decreasing level of Polish rivers, the phenomenon of hydrological drought occurred. The storms that occurred during the summer period did not contribute to replenishing the surface and groundwater resources. Climate change is projected to go in the direction that more rainfall and greater temperature rises will occur in winter, while in spring there will be no rainfall. For the agricultural economy, it means adapting to new conditions. Severe droughts and flash floods reduce yields, which also translates into higher food prices [49]. Water shortages also have a negative impact on the energy sector, including hydropower.




6. Dams/Barrages and Hydroelectric Plants


Hydropower is undoubtedly an effective source of renewable energy, although it should be noted that opinions on hydropower are divided among scientists. Some consider hydropower as an ecological source of energy, while others see its negative impact on the environment. According to skeptics, energy production in hydroelectric plants is burdened with a high cost of environmental damage. Construction of a hydroelectric power plant destroys rivers, changes water relations (often causing droughts in nearby areas), changes the flow, and interrupts the continuity of the river, halting fish migrations, which leads to the extinction of species. In many places, it also leads to an increase in deforestation [50]. On the other hand, enthusiasts minimize the harmful effects and point to the numerous advantages of hydropower. Table 9 shows the advantages and disadvantages of hydropower.



Due to the specific conditions that must be met when building a hydroelectric power plant, it is not possible to run such a power plant in any location near the existing water reservoir or river. Large hydropower plants are a relatively cheap source of energy and can quickly change the generated power depending on the demand. However, as already mentioned, their biggest disadvantage is the very limited number of locations where they can be built. Hydroelectric power plants are used to produce electricity, depending on their location, the force of gravity, water damming, or the energy of flowing water. Hydroelectric power stations make it possible to capture some of the energy from the flowing water. Due to the nature of the flow, they are usually divided into the following types:




	
Run-of-river power plants without a reservoir—the amount of energy produced by them depends on the amount of water flowing in the riverbed at a given moment;



	
Flow control (storage) power plants—in front of the power plant there is a water damming tank;



	
Power plants where the water circulation is artificially created—by sequentially pumping water from the lower to the upper reservoir, and then its discharge through the power plant back to the lower reservoir (pumped storage plants).









7. Hydropower in Poland—New Challenges


In Poland, the potential of using water for energy purposes is significantly lower than in other countries. This is due to the climatic conditions, average rainfall, and topography. The most profitable use of rivers in Poland would be cascade power plants producing peak energy when energy demand is greatest (i.e., morning and afternoon/evening hours). The daily energy demand in Poland in 2022 in the summer and winter periods is shown in Figure 3.



In addition, the construction of several hydropower plants with reservoirs with at least an annual equalization is able to improve the condition of rivers, as well as significantly protect against floods, because such reservoirs can stop a flood wave for up to 500 h (about 21 days) [54]. Poland, however, does not have enough water to enable the basic operation of the power plant; therefore, the construction of pumped storage power plants is a reasonable solution. Power plants of this type produce electricity during the day, and at night they accumulate water through pumping turbines that raise water from the lower to the upper mirror. An additional advantage is the equalization of the daily load. The best reservoirs for this type of hydroelectric power plant are lakes, which ensure the stability of the inflows to the hydroelectric power plant.



In Poland, due to the negligible use of the available hydropower potential, it is reasonable to increase the use of flowing water energy. Currently, in Poland, hydropower is responsible for approx. 1.5% of electricity production. In the long-term perspective, the development of hydropower may be influenced by the development of inland waterways and the revitalization of water dams, which are important from the point of view of watercourse regulation and rational water management (preventing floods and droughts and increasing retention). It should be noted that the operation of run-of-river plants can be regulated, albeit to a limited extent. Bearing in mind the regulatory potential of hydropower, it is also worth looking for new ways of using it, also on a small scale.



When discussing the risks associated with the construction of dams, particular attention should be paid to the protection of the natural environment [55]. In economic analyses carried out in previous years, environmental costs were not taken into account. These costs are currently valued precisely. The construction of a second barrage on the Vistula is planned to complement and support the dam in Włocławek. The dam in Włocławek, despite the installation of a fish pass, created a significant barrier to fish migration in the Vistula. After the dam was built, a strong decline in the population of anadromous species was noted. The construction of the Włocławek barrage on the Vistula led to the extinction of the Atlantic sturgeon, salmon and sea trout, and catastrophically decreased the Vietnamese population. Before the construction of the dam in Włocławek, the catch of vines, sea trout and elk was about 3000 kg per kilometer of river per year. Currently, these species are hardly caught at all. Therefore, this aspect will play a key role in the construction of new investments. The investor’s goal will be to build a damming dam, not to concrete the Vistula. The reservoir will be created only as part of a natural bed, with embankments protecting the life and property of residents of municipalities located on the Vistula River, and its function will be to reduce the effects of drought and floods, including winter floods. It is planned that the new Siarzewo dam with a capacity of 80 MW will also have a positive impact on water retention in the region and the economic and tourist development of the surrounding areas. The reservoir will be created only as part of a natural bed, with embankments protecting the life and property of residents of municipalities located on the Vistula River, and its function will be to reduce the effects of drought and floods, including winter floods. Raising the water level in the Vistula and stabilizing it will contribute to a favorable change in the water relations of the adjacent areas, particularly prone to drought. The Siarzewo Water Stage will also indirectly counteract the negative effects of the increasingly frequent droughts. The entire architectural concept will be related to the existing infrastructure, and the planned place will include many elements that fit into the landscape. The design of the threshold will ensure that the future step will not be an environmental barrier. It should be emphasized that it will allow the debris to move, and the flaps on the segment will allow for the safe passage of ice in winter periods. The barrage will help to stabilize the water level in the riverbed and in its valley in areas currently affected by drought, stopping water runoff. About 150 million m3 of water is to be collected in the reservoir of each of the stages on the Vistula River, not counting the increase in groundwater resources in the river valley, and, importantly, because they will be flow-through reservoirs, there will be constant intensive water exchange in them. By gravity, water from the reservoir will be able to supply agricultural lands located in the river valley [56].




8. The Energy Aspect of the Planned Investment


Planned investments in the field of hydropower are to support the nationwide energy system and increase the country’s energy security. According to the initial concept, a power plant with a capacity of up to 80 MW will be built in the next stage on the Vistula River, which will enable the production of electricity from a renewable source and ensure the production of electricity necessary to start up system power plants for the needs of the National Power System in the event of a so-called blackout. This investment will also allow meeting the full energy demand in the nearest region. The location of the hydroelectric power plant in the water stage results from the provisions of the law, the Water Law Act, Articles 10 and 399 [57]. It is also part of the extremely important process of increasing Poland’s energy security through the production of green energy. This will translate into an increase in the share of renewable energy sources in the country’s energy balance, while reducing CO2 emissions to the atmosphere. The power plant will produce 315 GWh of energy annually, which means almost 250 thousand tons of carbon dioxide emissions saved, 90 tons of carbon monoxide and 12 tons of particulate matter less in the atmosphere.



Other planned projects are pumped storage power plants, which will ensure greater stability of the power system. These power plants will not only support the development of renewable energy sources but will also be crucial for the security of the National Power System, as Poland learned in May 2021 during the emergency disconnection of almost the entire Bełchatów Power Plant, which produces about 20% of domestic energy, from the grid [58,59].



Therefore, the role of pumped storage power plants, as units that can ensure the stable operation of the entire power system in a situation where the energy transformation in Poland is taking place and the share of renewable energy sources increases dynamically, will be important. Pumped-storage plants offer regulatory possibilities and allow the reserve of energy resources, supplementing the energy demand and ensuring the stable development of renewable sources, as well as the development of nuclear energy in the future. Pumped-storage plants support the energy system in many aspects [60]. It is also possible to use pumped storage power plants to regulate the national energy system, unstable as a result of the diversified energy supply from Renewable Energy Sources (RES) [61].



Hydropower plants are the most flexible power plants in the energy system. It is thanks to them that you can prevent many system failures [62]. If necessary, they can immediately generate the energy necessary to stabilize the system. Further, in the event of a failure of the energy system, the so-called black-out plays a key role [63]. Thanks to them, the system can be restarted by supplying energy to excite generators in large thermal power plants. Additionally, in local energy networks, in the event of a system failure, they can supply the most critical facilities such as hospitals or sewage treatment plants.




9. Conclusions


In the studies and economic analysis concerning hydroelectric plants carried out so far, little attention has been paid to the impact of these power plants on the environment and their environmental costs have been ignored. Currently, an important aspect is the impact of the investment on the environment and people, i.e., bearing the environmental and social costs. Hydropower plants, in addition to many advantages, also have disadvantages, e.g., they degrade the local environment, and force people and animals to be displaced from their natural environment. These costs are currently carefully priced. Policymakers must consider not only the advantages but also the disadvantages, i.e., the benefits and losses of implementing hydropower installations.



Another important conclusion is drawing attention to the amount of energy produced from water installations in terms of per capita. In nominal terms, large hydropower plants make a significant contribution to the power system; however, in terms of per capita, they can show how much energy is produced per capita and whether a given country is at risk of energy poverty, especially in those countries where most of the energy comes from hydropower. European countries have an order of magnitude more per capita hydropower produced than African countries. The largest production of hydropower per capita in Europe is in Norway and amounts to 6110.2 W, while for Africa the highest production per capita is 131.1 W and it is an inhabitant of Zambia.



Hydropower can contribute to increasing the share of renewable energy sources in the energy mix and contribute to limiting climate change through the move away from fossil fuels. Hydroelectric power plants have a more beneficial effect on reducing climate warming than traditional power plants. When producing electricity in power plants and combined heat and power plants, 758 g of CO2 are produced for every 1 kWh of energy. Taking into account the energy from renewable energy sources in the energy mix, the amount of CO2 emissions for every 1 kWh drops to 719 g. On the other hand, energy production in hydroelectric plants causes CO2 emissions at the level of 24 g per 1 kWh.



The use of the energy of rivers and waters can influence the industrialization of countries through access to energy. The energy intensity of the economy requires more and more installed power in energy networks, and energy should be environmentally friendly.




10. Limitation


The research concerned two continents as representatives of continents with high and low GDP. However, in the future, it is possible to study all the continents and see if the difference in the development of hydropower is actually closely correlated with the economic development of the continents. As a case study, the hydrological and hydropower situation of Poland was analyzed, while in the extended research in the future, several countries from individual continents can be considered.
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Figure 1. Global mean estimates in the years 1880–2020 on land and ocean data with base period 1951–1980. Source: [4]. 
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Figure 2. Comparison of the installed capacity per capita for the 10 countries with the highest hydropower production. Source: own elaboration. 
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Figure 3. Daily energy consumption in the summer and winter period in 2022. Source: own elaboration based on data from [53]. 
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Table 1. Selected papers concerning climate change, water issue and hydro energy.
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	Title of the Paper
	Main Ideas/Issue Presented in the Paper





	Ground water and climate change.
	Groundwater plays a key role in maintaining ecosystems. Their importance increases in the era of climate change, because the occurrence of frequent, intense extreme climatic phenomena, such as violent storms, violent rainfall, drier, increases the variability of rainfall, soil moisture and surface waters [18].



	Climate change impacts on water security in global drylands.
	Water scarcity affects between 1 and 2 billion people worldwide, most of whom live in arid lands. The impact of climatic changes on the condition and safety of water in dry areas includes not only the issues of access to clean water and sanitation, but is also strongly related to many other aspects of sustainable development, such as eliminating hunger and reducing various types of poverty: economic, water, energetic [19].



	Climate changes and their elevational patterns in the mountains of the world.
	Accelerating changes in the mountain climate, the warming of this climate has a significant impact on the environment, including faster melting of snow and ice which causes depletion of snow and ice reserves in mountain areas. This phenomenon is of key importance for the world’s water supply. Significant climate warming is taking place not only in mountainous but also lowland areas [20].



	The role of hydropower in climate change mitigation and adaptation: a review
	Hydropower significantly contributes to the reduction of greenhouse gas emissions and affects the security of energy supply to energy networks. High-capacity storage reservoirs are more resistant to changes in water resources, are less vulnerable to climate change and act as a buffer against the negative effects of climate change [21].



	A review on Africa energy supply through renewable energy production: Nigeria, Cameroon, Ghana and South Africa as a case study.
	In most African countries, a significant proportion of the energy produced comes from fossil fuel-based sources. The top hydropower sector is able to supplement the energy balance in order to meet the demand and reduce energy poverty in individual countries and stimulate the interest in issues related to climate change [22].



	Beyond the resource curse: mineral resources and development in Guinea-Conakry
	Guinea can develop untapped hydropower capacity to supply industry, private farms as well as mines and the rest of the country. However, despite its natural resources (bauxite, iron ore, diamond, gold and hydropower), Guinea has failed to collect and use these resources for socio-economic development [23].



	Hydropower for sustainable water and energy development in Ethiopia.
	The main demand for energy comes from the industrial, agricultural and service sectors as well as from growing household consumption. The development of huge hydro-energy projects on major rivers with enormous hydropower potential, hydroelectric power generation will enable the implementation of zero-emission economy plans taking into account the abundant water resources and the multifunctional nature of the hydropower system [24].



	Towards a sustainable energy future for Egypt: A systematic review of renewable energy sources, technologies, challenges, and recommendations.
	Egypt has abundant renewable energy resources; however, the renewable energy sector has not yet been fully used to produce energy in a sustainable manner. Egypt should devote more effort to combating climate change and focus on meeting its growing energy needs with clean energy technologies. Egypt is the fourth largest country in Africa that produces energy from hydroelectric power plants (2876 MW). However, compared to the rest of the world, Egypt’s hydropower is not significant. In addition, Egypt’s and Sudan’s hydropower capacities will suffer significantly from the operation of the Ethiopian Dam (GERD) [25].



	Current hydropower developments in Europe.
	The energy system in Europe is characterized by a great variability of energy technologies depending on different national and varying framework conditions. Digital solutions, digital twins are implemented in energy systems in many energy companies. The development of hydropower in Europe is influenced by economic, political and environmental conditions. From energy producers to energy supply companies, everyone is concerned with the protection of the environment in the face of constant changes in the energy sector. Research and innovation in hydropower technology and management across national borders is essential. Hydropower plays a key role in the energy transition [26].



	Digitization, digital twins, blockchain, and industry 4.0 as elements of management process in enterprises in the energy sector
	Digitization in energy sector enterprises, implementation of innovative technical solutions such as digital twins, implementation of the Industry 4.0 paradigm will contribute to increasing energy efficiency and will allow to meet technical, environmental and social requirements [27].



	Sustainable regional energy planning: The case of hydro.
	Sustainable energy planning, taking into account the regional use of hydropower, allows to achieve a zero-emission economy in 2050 [28].



	Hydro energy in Poland: the history, current state, potential, SWOT analysis, environmental aspects.
	Water can be used for energy purposes in heating plants and sewage treatment plants. The technical potential of water power in Poland is relatively large. Hydropower in Poland also allows for small water retention. There is a positive impact of hydropower on the environment. Small hydropower allows you to produce energy and allows for a small retention to prevent steppe Poland [29].



	The hydropower sector in Poland: Barriers and the outlook for the future
	In Poland, the consequences of the occurring climate changes are becoming more and more noticeable and felt in recent years. These changes cause anomalies such as more and more severe droughts, violent and rapid rainfalls, which affect the economic efficiency of the undertaken hydropower investments. Planned and already implemented new investments in Poland are to limit the effects of droughts (construction of storage reservoirs) [30].










[image: Table] 





Table 2. GDP by continents in 2020 and 2021.
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Continent

	
GDP (Billions of USD)




	

	
2020

	
2021






	
Asia

	
33,095,342

	
36,818,738




	
North America

	
24,122,169

	
26,792,652




	
Europe

	
20,908,694

	
23,481,228




	
South America

	
2,847,121

	
3,254,127




	
Africa

	
2,396,739

	
2,692,597




	
Oceania

	
1,601,607

	
1,894,512








Source [31].
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Table 3. Ten African countries with the highest installed hydropower capacity (MW).
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	GDP

[bn USD]
	Energy

Capacity

[MW]
	Population [mln]
	Capacity per Capita [W]





	Ethiopia
	111
	4074
	114.0
	35.7



	Angola
	124
	3836
	32.8
	117.0



	South Africa
	411
	3596
	59.3
	60.6



	Egypt
	469
	2876
	102.3
	28.1



	Democratic Rep. of Congo
	63
	2760
	89.5
	30.8



	Zambia
	27
	2400
	18.3
	131.1



	Mozambique
	17
	2216
	31.2
	71.0



	Nigeria
	504
	2111
	206.1
	10.2



	Sudan
	43
	1923
	43.8
	43.9



	Morocco
	133
	1770
	36.9
	48.0







Source: [34,38,39].
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Table 4. Ten European countries with the highest installed hydropower capacity (MW).
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	GDP

[bn USD]
	Energy Capacity [MW]
	Population [mln]
	Capacity Per Capita [W]





	Norway
	504
	32,995
	5.4
	6110.2



	Turkey
	853
	30,984
	84.3
	367.5



	France
	2778
	25,508
	65.2
	391.2



	Italy
	1996
	22,593
	60.4
	374.1



	Spain
	1390
	20,409
	46.7
	437.0



	Switzerland
	807
	16,881
	10.0
	1688.1



	Sweden
	604
	16,478
	8.6
	1647.8



	Austria
	468
	14,597
	9.0
	1697.3



	Germany
	4031
	11,022
	83.7
	131.7



	Portugal
	256
	7193
	10.1
	712.2







Source [38,39,42].
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Table 5. The correlation coefficient “r”.
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Continent

	
Variables

	
r






	
Africa

	
GDP and energy efficiency

	
0.119




	
GDP and energy efficiency per capita

	
−0.488




	
Europe

	
GDP and energy efficiency

	
0.085




	
GDP and energy efficiency per capita

	
−0.452








Source: own calculations.
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Table 6. Challenges and perspectives for the economy and energy enterprises.
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	Challenges and Prospects for the Economy
	Challenges and Prospects for Energy Enterprises





	transition to a low-carbon economy
	adaptation to environmental requirements



	increasing energy production
	investing in renewable energy



	the possibility of faster economic development in terms of ensuring increased demand for energy
	implementation of innovative solutions reducing the negative effects of the operation of a hydropower plant



	increasing energy security
	production of cheaper energy



	minimizing the occurrence of blackout
	increase in revenues



	reducing energy poverty
	serving more customers
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Table 7. Parameters of reservoirs in Poland.
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	Reservoirs

(Name and Location)
	River
	Year Opened
	Total Capacity at Maximum Accumulation [hm3]
	Area at Maximum Accumulation [km2]
	Hight of

Accumulation [m]





	Solina
	San
	1968
	472.4
	22.0
	60.0



	Włocławek

(barrage)
	Wisła
	1970
	453.6
	75.0
	12.7



	Czorstyn-Nidzica
	Dunajec
	1997
	231.9
	12.3
	54.5



	Jeziorsko
	Warta
	1986
	202.0
	42.3
	11.5



	Goczałkowice
	Mała Wisła
	1956
	161.3
	32.0
	13.0



	Rożnów
	Dunajec
	1942
	159.3
	16.0
	31.5



	Dobczyce
	Raba
	1986
	141.7
	10.7
	27.9



	Otmuchów
	Nysa Kłodzka
	1933
	130.5
	20.6
	18.4



	Nysa
	Nysa Kłodzka
	1971
	124.7
	20.7
	13.3



	Turawa
	Mała Panew
	1938/1948
	106.2
	20.8
	13.6







Source: [47].
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Table 8. Types of drought and their characteristics.
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	Type of Drought
	Characteristics of Drought





	Atmospheric drought
	It occurs when there is a rainfall deficit. Also known as meteorological drought. This is the first stage of drought development. It occurs when rainfall is below the long-term average or it is completely absent. A direct effect of the deficit in rainfall is the insufficient moisture content that grows over time, which is particularly intense in the warm season, intensifying evaporation and evapotranspiration (climatic indicator showing how quickly evaporation could take place if the availability of water was sufficient). The above leads to a violation of soil and surface water resources.



	Agricultural drought
	It occurs when the soil moisture is insufficient to meet the water needs of plants and for normal farming. Also called soil drought. It is a direct consequence of the prolonged atmospheric drought. Defined as the period when soil moisture is insufficient to meet the needs of plants in the soil profile and to conduct normal agricultural management. It should be noted that not every period without rainfall and a simultaneous decrease in soil moisture is an agricultural drought. The condition for an agricultural drought to occur is the occurrence of changes in the state of vegetation, i.e., the occurrence of water stress symptoms, a decrease in biomass and yield limitations.



	Hydrological drought
	It manifests itself in a long-term reduction in the amount of water in rivers and lakes. Also known as the “hydrological low flow”. Applies to surface waters. It occurs when the flow in rivers drops below the multi-year average value. It is a period of reduced surface water resources as compared to the average value for many years. Hydrological drought is the next stage of increasing atmospheric and agricultural drought.



	Hydrogeological drought
	Drought is defined as a long-term decline in groundwater resources. This type of drought phenomenon is usually preceded by the above types of drought. The initial phase manifests itself, inter alia, in drying outwells.







Source: [46].
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Table 9. Advantages and disadvantages of hydropower.
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	Advantages
	Disadvantages





	The generated energy reduces environmental pollution. Hydropower leaves no waste behind.
	Interference with the natural environment is related mainly to the difficulties in the migration of fish aiming at spawning and the elimination of bird breeding sites, which contributes to the reduction of their numbers.



	It allows saving natural fuels
	Contribution to changes in the hydrological structure (e.g., the Three Gorges Dam in China, which slowed down the rotation of the Earth by holding large masses of water)



	It does not pollute the natural environment with exhaust gases and fluids that are generated in the process of burning non-renewable energy sources.
	It causes silting of water reservoirs, and thus reduces their capacity, which during periods of heavy rainfall or thaw may lead to inundation or flooding



	They can provide flood protection thanks to the possibility of accumulating water in appropriate retention reservoirs
	Changing the water level contributes to the occurrence of landslides and bank abrasion



	They are more efficient than conventional power plants, thanks to which they generate electricity more efficiently
	The need to relocate people in the case of building power plants in previously populated areas



	Damming the water in front of hydroelectric power plants has a positive effect on the hydrological balance and navigation conditions
	The construction of a hydropower plant is several times more expensive than the construction of a conventional power plant, and the preparatory process itself is very long



	Easy and precise control of generated energy
	Noise and pollution during construction



	Support for the local economy (hydroelectric plants provide jobs, which has a positive impact on the local economy
	May cause secondary effects in the form of bursting dams and water disasters







Sources: own elaboration based on [51,52].
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