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Abstract

:

Hydropower (potential and kinetic energy) is one of the most important renewable energy sources in the world. This energy is directly dependent on water resources and the hydrological cycle. Ongoing climate changes are likely to influence the availability/amount of this energy resource. The present study explores the relationship between climate changes and river runoff, projects future runoff in both gauged and ungauged river catchments, and then assesses how these alterations may affect the future hydropower resources in Lithuania. Runoff projections of the gauged rivers were evaluated applying Swedish Department of Climate hydrological model, and runoff of ungauged river catchments were estimated by created isoline maps of specific runoff. According to an ensemble of three climate models and two Representative Concentration Pathway scenarios, runoff and hydroelectric energy projections were evaluated for two future periods (2021–2040, 2081–2100). The results demonstrated a decrease in future river runoff. Especially significant changes are expected according to the most pessimistic RCP8.5 scenario at the end of the century. The projected changes are likely to bring a negative effect on hydropower production in the country. These findings could help understand what kind of benefits and challenges water resource managers may face in the future.
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1. Introduction


Growth in the human population and relentless consumption is closely related to an increase in energy demands. However, the destabilized temperature equilibrium of the Earth forces the search for clean energy sources in order to reduce greenhouse gas emissions. Directive (EU) 2018/2001 [1] on the promotion of the use of energy from renewable sources obliges the EU Member States to achieve a 32% share of renewable energy in final energy consumption by 2030. According to Eurostat [2], in 2018, wind and hydropower each contributed around one-third of the total electricity from renewable sources, with wind power (36%) edging hydropower (33%) as the most important sources.



Hydropower (or hydroelectric energy) is the most important and world’s largest source of renewable energy. It may harness the power of moving water (kinetic energy) or the water stored in dams (potential energy) and is often considered a very clean form of electricity generation. However, at present, most hydroelectric energy comes from hydropower plants that generate energy by damming of water. According to the International Energy Agency, hydropower accounts for about 17% of global electricity production. China is the largest producer of hydroelectricity, followed by Brazil, the United States, and Canada [3], while Africa has the highest percentage of untapped technical hydropower potential in the world [4].



Hydropower is a source of energy that changes over time because it is directly dependent on water resources and the hydrological cycle. In countries where the amount of electricity generated by hydropower plants is substantial, projections of hydropower potential are considered as a task of national importance. For example, in the United States, where hydropower is a key contributor to the renewable energy portfolio, the Department of Energy, directed by Congress, has conducted a second five-year assessment [5] examining the potential effects of, and risks from, global climate change associated with water supplies for federal hydroelectric power generation. This report indicated that the most critical climate change effect on hydrology is likely to be the trend toward earlier snowmelt and change in runoff seasonality. Under the projections of increasing winter–spring runoff and decreasing summer–fall runoff, water resource managers may need to consider different water use allocations. Rich in water resources, Canada, where national energy security is mostly dependent on the hydropower, is getting warmer and wetter with more contribution from rainfall than snow [6]. Consequently, under the continuation of climatic trends, production potential is expected to increase. However, the net gain/loss is subject to significant variations across different regions. In Norway, a country almost perfectly made for hydropower, a current concern about the future potential of this energy resource resulted in a report [7] that indicated the river flow increase due to the projected higher amounts of precipitation. The most significant increase in river flow occurs in winter, and at the same time, slightly smaller snowmelt floods are expected. By the end of the century (in 2071–2100), according to the RCP8.5 scenario, the total hydropower production in Norway is going to grow by 8% (compared to 1961–1990). In contrast, hydropower plants in Germany are affected negatively due to declining river discharge [8]. A special report from the German Advisory Council on the Environment [9] assumed that the hydropower potential for electricity generation in Germany is limited to about 28 TWh a−1 for orographic reasons. Thus, the additional development potential of hydropower is rated to be minimal. For the Alpine region, the average annual electricity generation of run-of-river plants in 2031–2050 (relative to 1961–1990) is estimated to decrease slightly for all climate scenarios considered (up to −8%) [10]. Whereas for Austria, two scenarios project a slight increase (not more than +5%), and according to the other two scenarios a slight decrease (not more than −5%) is expected. Most of the studies assess only the potential energy of water because a vast amount of hydropower is generated in large power plants having water storage reservoirs. However, the research of hydrokinetic energy resources remains limited. The potential of these resources on a national level has been previously assessed in Canada and the continental United States [11,12].



Hydroelectric energy potential varies significantly in time and space. Hydropower systems are dependent on water availability and can either increase competition or mitigate water scarcity [13]. In the long run, the success of hydropower generation and development will largely depend not only on the geographical region, economic opportunities, political approach, and environmental constrains, but also on future climate-induced river runoff changes. The National Energy Independence Strategy of Lithuania [14] stipulates to increase the share of electricity consumption from renewable energy sources up to 45% in 2030 and 80% in 2050 compared to the final electricity consumption. In this context, an assessment of the current and future potential of hydroelectric energy in Lithuania is very important. Jablonskis and Lasinskas [15] were the first to evaluate theoretical potential of hydropower in Lithuania. According to them, over 22,000 rivers (watercourses) with a total length about 77,000 km together with the slopes of the earth’s surface produce a total of 688.8 MW of hydropower and about 6.0 billion kWh a−1. However, the exploitation of hydropower resources is severely limited by environmental requirements; after assessing all nature protection restrictions, it is estimated that efficient technical energy will be 159.1 million kWh a−1, which is only 2.6% of the total annual potential [16]. Currently, the total installed capacity of the hydropower plants is 128 MW (15.3% of all RES). This figure indicates the conventional hydropower resources: 101 MW of installed capacity at Kaunas Hydropower Plant (on the Nemunas—the largest Lithuanian river) and the rest at 97 small hydropower plants (on smaller rivers). River hydrokinetic resources, at the state level, have never been assessed. Gailiušis et al. [17] estimated that resources of hydrokinetic energy of Lithuanian small and medium-size rivers amount to 82.1 MW, but due to the specified exclusionary criteria (environmental constrains and weather conditions), the capacity of riverine hydrokinetic energy decreases to 13.6 MW; thus, only 0.7% of the total electric energy demand for the national economy can be met.



Up to now, no projections of future hydroelectric energy resources have been made in Lithuania. This study is designed to project the changes of river runoff and the total hydropower resources in both gauged and ungauged Lithuanian river catchments. The main objective is to assess the impact of climate change on the future of this renewable energy resource potential in Lithuania.




2. Materials and Methods


2.1. Study Area and Data


The object of this study were the following Lithuanian rivers: the Nemunas, Merkys, Šalčia, Ūla, Neris, Šventoji, Žeimena, Nevėžis, Šušvė, Dubysa, Šešupė, Jūra, Akmena, Šešuvis, Minija, Bartuva, Venta, Mūša, and Lėvuo (Table 1). Daily river discharge data from 25 water gauging stations (WGS) and daily air temperature and precipitation data from 15 meteorological stations (MS) were used from 1986 to 2005 (the period selected as a reference according to IPCC AR5 recommendations [18]) (Figure 1).



Kinetic hydropower resources were estimated in all main Lithuanian rivers; the boundaries of their catchments are indicated in Figure 1. Potential hydropower resources were assessed for 98 currently operating hydropower plants installed on 57 rivers. The near (2021–2040) and far future (2081–2100) projections of the kinetic and potential hydropower resources were made using daily step output data (average air temperature, °C; precipitation amount, mm) from ICHEC-EC-EARTH, MOHC-HadGEM2-ES, and MPI-M-MPI-ESM-LR regional climate models (a grid cell of 11 × 11 km). The data of regional climate models were derived from the EURO-CORDEX database (www.euro-cordex.net).




2.2. Methods


River flow is a key characteristic that is required for the assessment of river kinetic and potential resources. The main steps in the research were as follows (Figure 2): (i) adaptation of climate scenarios data for the Lithuanian territory according to three regional climate models and two RCP scenarios; (ii) evaluation of projections of gauged and ungauged rivers runoff under climate scenarios for two periods of the near (2021–2040) and far future (2081–2100); (iii) evaluation of projections of kinetic and potential riverine energy in the 21st century.



2.2.1. Preparation of Regional Climate Models Data


Air temperature (T, °C) and precipitation (P, mm) data extracted from three regional climate models were used to simulate river runoff and to evaluate its projections in the future. The projections were prepared using two Representative Concentration Pathway scenarios: optimistic (RCP2.6) and pessimistic (RCP8.5) [18]. Adaptation of climate models data (air temperature and precipitation) for the Lithuanian territory was performed using the quantile mapping method. This method eliminates systematic errors in climate model data [20]. The nonparametric empirical quantile method is based on the concept that there is a transformation h, described by the following equation [21,22]:


    St   Obs     = h  (    St    CM   RP     )  =   ECDF   OBS    (    ECDF    CM   RP     (    St    CM   Fut     )   )   



(1)




where StOBS is the observed meteorological parameter, StCM RP is the climate model output for the reference period, ECDFOBS is the empirical cumulative distribution function for the observed period, ECDFCM RP is the empirical cumulative distribution function for the climate model reference period, and StCM Fut is a meteorological parameter, which is modeled by the climate model for the future period. All estimated results were compared with the values of the reference period (1986–2005).




2.2.2. Runoff Projections of the Gauged and Ungauged Rivers Catchments


The HBV model was used to simulate the runoff of gauged Lithuanian rivers. HBV model calculations were performed in three steps, estimating (1) precipitation amount entering the ground, (2) slope runoff, and (3) runoff in the watercourse and runoff transformation. This model has previously been successfully applied in Lithuanian conditions [23,24,25]. HBV is based on a water balance equation [26]:


  P − E − Q =  d  dt    [  SP + SM + UZ + LZ + V  ]   



(2)




where P is precipitation, E is evaporation, Q is discharge, SM is soil moisture, SP is snow pack, UZ is upper groundwater zone, LZ is lower groundwater zone, and V is lake or dam volume.



The daily values of Q in the Lithuanian river catchments from 25 water gauging stations (WGS) and of T and P from 15 meteorological stations (MS) (Figure 1) were used to create hydrological models. Information about the modeled catchment area, presence of lakes and forests, mean elevation (above sea level) of the area, and hydrometeorological data from WGS and MS were required as well. Main output data of the HBV model were time series of daily water discharge in the modeled river catchments.



The period from 1986 to 1995 was selected for the model calibration, whereas the period of 1996–2005 was used for validation. The calibration procedure consisted of changing model calibration parameters and comparing calculated discharge values with the measured ones. There are two ways for the evaluation of the calibration results [26]: (1) by visual comparison of hydrographs of computed and measured discharge values and (2) by calculation of correlation (R) between the observed and simulated discharge as well as by the Nash-Sutcliffe efficiency criterion (NSE) and the relative volume error (RE, %). Ideally, the correlation coefficient R should approach 1, but when it reaches 0.7, the model is considered to be properly calibrated [26]. The hydrological model can be regarded as calibrated when the NSE is not less than 0.5 [27].



When assessing the potential energy resources of ungauged Lithuanian rivers, there is a problem of a lack of hydrological data. Therefore, it was not possible to develop hydrological models for the rivers in which observations were carried out only briefly or not at all. For this reason, a method of specific runoff (q, l s-1 km−2) mapping was chosen to project the runoff of ungauged rivers. Using this method, isoline maps of specific runoff of Lithuanian rivers were created in the following order:



(1) Based on the results of hydrological modeling, monthly, seasonal, and average annual runoffs (Q, m3 s−1) were calculated at the studied WGSs for the periods of 1986–2005, 2021–2040, and 2081–2100 under RCP2.6 and RCP8.5 scenarios;



(2) The discharge of the gauged rivers Q (m3 s−1) was converted to specific runoff q (l s-1 km−2) according to [19]:


  q =   1000 × Q  A   



(3)




where q is the specific discharge, l s-1 km−2, Q is the discharge, m3 s−1, and A is the river catchment area in the conversion place, km2;



(3) Using the Spline method of interpolation (in ArcGIS), isoline maps of monthly, seasonal, and annual q were created for the whole territory of Lithuania for the past (1985–2005) and future (2021–2040 and 2081–2100) periods;



(4) In the ungauged river catchments, specific runoff q was calculated from the coordinates of hydropower plant places in the created isoline maps;



(5) For ungauged rivers where water resources were assessed, q was converted to Q [19]:


  Q =   q × A   1000    



(4)







In order to assess the reliability of the created map of specific runoff isolines, four rivers (the Akmena, Lėvuo, Šalčia, and Ūla), having discharge observation data of 1986–2005 and which are not used for the mapping, were selected. These rivers belong to different hydrological regions of Lithuania (western, central, and south-eastern), which are characterized by specific conditions of runoff formation (different precipitation amount, slope, soils, etc.) [28]. Therefore, when verifying the isoline map, it was necessary to test whether the calculated values of monthly, seasonal, and annual specific runoff of the selected rivers for 1986–2005 corresponded to the runoff values extracted from the created isoline map of the specific runoff.




2.2.3. Assessment of Hydropower Resources of Lithuanian Rivers


Assessment of Riverine Hydrokinetic Resources


The authors of this article, together with their colleagues, developed a methodology for the assessment of Lithuanian river hydrokinetic resources and assessed these resources based on historical data [17,29]. However, the work performed did not provide a projection of hydrokinetic resources for the 21st century.



The assessment of hydrokinetic resources was accomplished for three periods: the reference period (1986–2005), against which the results of the projections were compared, and future periods (2021–2040 and 2081–2100). Kinetic resources were assessed in the major Lithuanian rivers (the Nemunas and Neris) and separately in the smaller ones. The assessment of technically available resources (the flow technical capacity obtained from a hydrokinetic device) was made using the following equation [17]:


   P  TK   =    η   ρ 2   v  3      A   D      N  



(5)




where PTK is the technical hydrokinetic capacity, W, η is the device power coefficient (average value is 0.30 according to [30]), ρ is the fluid density, kg m−3, v is the flow velocity, m s−1, AD is the device swept area, m2, and N is the number of devices.



The technical hydrokinetic capacity of a given river segment depends on the number of devices (N) used for energy production. The number of turbines in a given river segment of length L (m) was calculated according to [17]:


  N =    B  2 D    L  10 D     =     BL   20  h 2       



(6)






   E  TK   =      P    TK        t    TK    



(7)




where N is the number of the devices, L is the segment length, m, B is a part of the river channel width, where the depth is greater than the turbine diameter, m, h is the bed depth equal to the device turbine diameter, m, ETK is the hydrokinetic generation, Wh, and tTK refers to the hydrokinetic devices’ working time, hours.



The next stage of this assessment was the estimation of river segments in the investigated rivers in which the production of hydrokinetic energy is possible. River bed depth (h, m), width (B, m), and flow velocity (v, m s−1) are the main characteristics that determine the suitability of a particular segment for hydrokinetic energy production. The assessment of hydrokinetic energy resources was performed in the river segments with a minimum depth of 0.5 m and a minimum flow velocity of 0.4 m s−1.



In order to evaluate bed depth (h), width (B), and flow velocity (v) in a selected river segment, hydromorphological relationships combining the main flow parameters with their forming factors were proposed. Such relationships were created for Lithuanian small and medium-sized rivers using 1540 discharge measurements of 86 rivers [31]:


  H   =   0.29      Q ¯   0.45   k 0.39    I   − 0.2    



(8)






  B   =   8    Q ¯   0.30   k 0.08    I   − 0.2    



(9)






  v   =   0.43    Q ¯   0.25   k 0.53    I   0.4    



(10)




where h is the average bed depth, m, B is the average bed width, m, v is the average flow velocity in the cross-section, m/s,    Q ¯    is the average annual discharge, m3 s−1, I is the bed slope, k is the discharge modular coefficient, and Qi is the discharge.




Assessment of Potential Hydropower Resources


Potential hydropower resources were assessed at existing hydropower plants, without planning for their future growth. Currently, there are 98 operating hydroelectric power plants (HPP) (Figure 1), which have been built on 57 Lithuanian rivers. The projection of potential hydropower resources was performed using discharge rates derived from the specific runoff isoline maps generated for different future periods.



The potential hydropower resources of the selected HPP were evaluated using the formula [32]:


PP = 7 ΔH Q



(11)






EP = PP tP



(12)




where PP is the hydropotential capacity, kW, EP is the potential generation, kWh, ΔH is the height of the HPP dam head, m, Q is the monthly discharge (m3 s−1), and tP is the HPP working time, hours (in Lithuania, on average, 4000 h a−1, according to [32]).







3. Results


3.1. Calibration and Validation of Hydrological Models of Gauged and Ungauged Rivers


Hydrometeorological information of the period of 1986–2005 (the reference period) was used to create the model. The 1986–1995 was selected for the model calibration, whereas the period of 1996–2005 was used for validation. The calibration process has to be performed until the correlation coefficient R is the greatest, and the total deviation is the least. The R of the selected river catchments ranged from 0.75 to 0.89 during the calibration period and from 0.60 to 0.83 during the validation period (Table 2). NSE and RE (%) are also very important indicators describing the accuracy of calibration and validation. During the calibration period, the NSE varied from 0.60 to 0.80, and during the validation period it varied from 0.50 to 0.75. Meanwhile, the difference between the measured and modeled discharge (RE, %) was mostly positive during the calibration period and negative by a similar amount during the validation period (Table 2). Taking into account these results, it could be stated that the hydrological models of the selected rivers were properly calibrated and could be applied to project Lithuanian river runoff in the near and far future periods according to different climate scenarios.



The isoline mapping verification method was described in more detail in the methodology (Section 2.2.2.). It compares q, which was determined in two ways: (1) exported from a runoff isoline map using ArcGIS; or (2) calculated using real observation data at a particular WGS. Using the isoline method, the average annual q differed only by −7.7%–+3.8% from the calculated q based on observational data (Table 3). The difference in Q varied from −11.5 to +11.5% in individual seasons. Considering that in practice, the discharge is determined with an error of 40%, the result obtained was reliable and suitable for use in further studies [33,34,35,36].




3.2. Projections of River Runoff


3.2.1. Projections of Runoff in Gauged River Catchments


Runoff projections of the gauged rivers were evaluated using the hydrological modeling method. The reference period’s runoff and its projections in the near and far future were modeled according to an ensemble of three climate models and two RCP scenarios. Changes in the average annual discharge in the future were presented as deviations (%) from the discharge of the reference period (Table 4).



In Lithuania, rivers are divided into three hydrological regions according to their runoff regime: western Lithuania, central Lithuania, and south-eastern Lithuania. Figure 3 shows the rivers’ hydrographs representing these regions: the Jūra from western Lithuania, the Mūša from central Lithuania, and the Merkys from the hydrological region of south-eastern Lithuania.



The hydrological region of western Lithuania receives the highest amount of precipitation in Lithuania (about 850 mm); half of this amount flows into rivers. It rains heavily in autumn and winter; floods in winter are of similar size and, in some cases, even larger than spring floods. The characteristic features of this hydrological region are reflected in the hydrograph of the Jūra River (Figure 3a). As can be seen, this indicates an increased runoff in late autumn and high runoff during the winter season. It also lacks explicit spring floods, while the summer runoff makes up a third of the average annual. The projections showed that, in the near future, the Jūra runoff will decrease from 4.0 to 7.5% as compared to the reference period. Even greater changes are projected in the far future when, according to the RCP2.6 scenario, the Jūra discharge is going to decline by 7.9% and under the RCP8.5 scenario by 10.4%. The largest runoff redistribution is expected in the far future during the spring season, when the expected discharge values may decrease from 15.5% (RCP2.6) to 42.5% (RCP8.5). Significantly smaller changes are likely to occur in the summer season—from 6.2 to 19.3% under the same scenarios. However, in the winter and autumn seasons, the RCP8.5 predicts 8.8% and 5.6% growth, respectively, relative to the reference period.



The hydrological region of central Lithuania is dominated by impermeable clay soils; thus, in winter, almost all the snow melt water runs off into rivers, without being absorbed into the soil, causing severe spring floods. In summer, there is little rainfall, and since the rivers are not fed by groundwater, they are dwindling. All these features are characteristic of the Mūša runoff. In the near future, according to the applied emission scenarios, the Mūša runoff will decrease by 6.6–10.7%, and in the far future, from 11.9% under the RCP2.6 scenario and to 22.7% under the RCP8.5 scenario (Figure 3b). The largest redistribution of the runoff between seasons is likely in the distant future. During the spring season, according to RCP8.5, the discharge is expected to decrease by 59.0%, relative to the reference period. According to the same scenario, the discharge will change slightly (−0.9%) during the winter season, decrease by 17.2% in the summer season, and increase by 6.2% in autumn.



In the hydrological region of south-eastern Lithuania, there are many lakes and forests that naturally regulate river runoff. In addition, the predominant coniferous forests evaporate little water. Rivers flood the least in spring, as water is easily absorbed into the sandy soil. These rivers are abundantly fed by groundwater, so they do not dry up, even in dry summers. Due to the physical-geographical conditions of this hydrological region and the changing climate in the near future, the runoff in the Merkys will be lower from 2.2 to 5.8% compared to the reference period. However, at the end of the century, it will change more significantly and will lower from 1.2 (RCP2.6) to 16.9% (RCP8.5) (Figure 3c). During the same period, significant seasonal runoff changes are expected in the Merkys under the RCP8.5 scenario. In the winter season, the runoff will increase to 6.2%, while in spring, summer, and autumn, it will decrease by 28.1%, 21.7%, and 23.8%, respectively, relative to the reference period.



The regularities of the runoff change in the three studied rivers (Figure 3) are typical for other rivers located in the same hydrological region. According to the available data, the least river runoff will change in western Lithuania: in the far future, according to the most pessimistic scenario, the average river discharge may decrease by 10.4%, relative to the reference period. The most unfavorable situation is possible in the hydrological region of central Lithuania, where the decline of the runoff is projected to be up to 31.2%. Meanwhile, in the hydrological region of south-eastern Lithuania, the most significant decrease of the runoff can be 24.6%. It should be emphasized that this region includes two large rivers, the Nemunas and the Neris, the major parts of which are located in Belarus. Thus, the change in their runoff is influenced by the larger basin area and more diverse physical-geographical conditions.



In runoff projections, uncertainty analysis plays a critical role. The uncertainty of Lithuanian river runoff projections was assessed in our previous study [37]. The evaluation of uncertainty due to different sources of origin, such as climate scenarios (RCPs), global climate models (GCMs), and statistical downscaling (SD) methods, was accomplished for the selected Lithuanian rivers from different hydrological regions (western, central, and south-eastern). The near (2021–2040) and far future (2081–2100) projections were developed according to three RCPs, three GCMs, and three SD methods. In the western hydrological region, GCMs were identified as the most dominant uncertainty source (41.0–44.5%) in the runoff projections. Moreover, the uncertainty of runoff projections from central and south-eastern regions of Lithuania was related to SD methods, and the range of uncertainties fluctuated from 39.4% to 60.9%. The rivers selected for the current study belong to the same hydrological regions. The runoff projections for 2021–2040 and 2081–2100 were created using to the same RCP scenarios and two GCMs as in [37]. Therefore, the tendencies of uncertainty assessment in the projections generated in [37] and the current study projections should be similar.




3.2.2. Projections of Runoff in Ungauged River Catchments


The method of specific runoff (q) mapping was used to project the runoff of ungauged rivers. The average values of q, according to the ensemble of three models in the historic (reference) period (1986–2005), are presented in Figure 4. The distribution of q in the studied area was quite diverse; it varied from 3.0 to 14.0 l s-1 km−2 (Figure 4). The observed differences were determined mainly by physical-geographical conditions. In the hydrological region of western Lithuania, there was more precipitation, high river slopes, and better conditions for fast water drainage; therefore, here, q varied from 8.0 to 14.0 l s-1 km−2. The specific runoff gradually decreased, shifting to the hydrological region of central Lithuania. The slopes of the rivers in this region are small and impermeable soils are widespread, which facilitated more evaporation, so in this region, the range of q ranged from 3.0 to 8.0 l s-1 km−2. Going east (to the south-eastern region), since elevation gets higher and the slopes of the area rise, q gradually increased and varied from 6.0 to 10.0 l s-1 km−2. In this region, the greater values of q were also determined by the higher amount of precipitation (than in the hydrological region of central Lithuania) and abundant underground feeding. Using the q maps, which are given in l s-1 km−2 and Equation (4), we could calculate Q in a specific river of interest.



Four maps in Figure 5 show the change (%) in the projections of the average annual specific runoff relative to the reference (1986–2005) period in the three hydrological regions. The smallest changes in q are predicted in the hydrological region of western Lithuania. In the near future, depending on the applied RCP scenario, the average q of the whole region will be 2.2% to 4.5% lower than in the reference period. Small changes in q are likely in the far future as well. Depending on the RCP scenario, the average values of q of the hydrological region will get smaller by 5.5–5.9% according to RCP2.6 and RCP8.5 scenarios, respectively, compared to the reference period. More considerable changes are possible in the hydrological region of south-eastern Lithuania; in this region, in the near future, the average region q will decrease from 0.7% to 5.5% depending on the RCP scenario, and in the far future from 1.8% (under RCP2.6) to 13.3% (under RCP8.5). The biggest changes are projected in the hydrological region of central Lithuania. In the near future, the average q is expected to decline by at least 5.8% to 9.1%, and by the end of the century, from 8.7 (RCP2.6) to 16.6% (RCP8.5) compared to the reference period. Values of the specific runoff (q) differ among rivers in the same hydrological region. This is due not only to local physical and geographical conditions, which are heterogeneous in individual hydrological region, but also to microclimatic features.





3.3. Projections of River Kinetic Energy


The assessment of kinetic energy resources of Lithuanian rivers was performed by applying technical restrictions, according to which the depth of the river bed must be greater than 0.5 m, and the flow velocity must exceed 0.4 m s−1. These two minimum conditions must be met for hydrokinetic turbines (devices that convert the kinetic energy of flowing water into electricity) to be installed in the studied river segments. During this study, the kinetic energy resources of the main Lithuanian rivers (excluding the major rivers Nemunas and Neris) were estimated, which amounted to 242 GWh a−1 in the reference period (Table 5).



In the hydrological region of western Lithuania, the hydrokinetic energy resources are projected to decrease the least (Table 5). In the near future, the Bartuva River resources will hardly change, while in other rivers of this region, they are expected to decline to 9%. In the long run, hydrokinetic resources could decrease by up to 12%.



In central Lithuania, the riverine kinetic resources will shrink the most. Smaller changes in hydropower are projected in the near future (19%); meanwhile, at the end of the century, the resources of the Lėvuo, Mūša, and Šešupė rivers may decrease very significantly—in the case of the RCP8.5 scenario, by 25.9%, 27.4%, and 36.2%, respectively, compared to the reference period.



In the near future, both positive and negative changes in the projections have been identified in the hydrological region of south-eastern Lithuania—from −7.2 to 1.5%. However, in the distant future, in the case of the RCP8.5 scenario, a decrease in this energy from 6.1% (in the Šventoji) to 19.4% (in the Merkys) compared to the reference period is possible.



The assessment of the projections of the total kinetic energy resources of Lithuanian rivers (excluding the Nemunas and Neris) indicated a decrease of 3.8–7.9% in the near future and 6.9–12.8% in the far future under the RCP2.6 and RCP8.5 scenarios, respectively, compared to the reference period (Figure 6a). Not only annual but also seasonal changes in kinetic resources are projected.



In both future periods, under both RCP scenarios, hydrokinetic resources will likely decrease (by 11.3–47.9%) during the spring season, but will increase during the winter season (up to 19.1%). The decline of the resources is also expected during the summer season due to reduced river flow rates and depth. These trends in the change of hydrokinetic resources are determined by the projected redistribution of the river runoff between seasons in the future.



The two largest rivers in Lithuania, the Nemunas and Neris, have favorable hydrokinetic energy generation conditions due to a high flow rate and depth. If hydrokinetic turbines were installed along the entire length of these rivers, it would be possible to produce 1109 GWh a−1 (Table 5). In the near future, the Nemunas and Neris rivers’ total kinetic resources are projected to decrease from 5.0 to 7.5%, depending on the chosen RCP scenario. In the long term, the changes will be even more significant from 6.6% (RCP2.6) to 15.1% (RCP8.5) compared to the reference period (Figure 7a). The seasonal variation trends of the Nemunas and Neris rivers’ kinetic resources were similar to those found for smaller rivers (Figure 7b).




3.4. Projections of River Potential Energy


During the reference period, 97 small HPPs generated 75 GWh a−1 of electricity. In 2021–2040, depending on the RCP scenario, the hydropower production of small hydropower plants is projected to decrease from 4.5% to 8.6% compared to the reference period. In 2081–2100, an even larger decrease in hydropower is expected: from 7.1% (RCP2.6) to 13.7% (RCP8.5) (Figure 8a).



An analysis of the seasonal energy production revealed the greatest changes in spring and summer (Figure 8b). According to the applied scenarios, the production will decrease to 19.3% in the spring season and to 10.8% in the summer season in the near future. In the far future, compared to the reference period, the largest changes are possible under the RCP8.5 scenario, which projects an increase of 10.4% during the winter season, a decrease of 46.4% and 15.4% in the spring and summer seasons, respectively, and an only slight change in autumn.



The largest HPP of Lithuania is built on the Nemunas River in Kaunas. It is significant for the Lithuanian energy system because of the amount of electricity produced and as a provider of the system services and contributor, ensuring the system’s stability. This is the only power plant that can restore the power system in an accident (black start). In 1986–2005, Kaunas HPP produced 386 GWh a−1 of electricity. The projections indicated that the hydropower production of Kaunas HPP would decrease from 6.9% (RCP2.6) to 11.4% (RCP8.5) in the near future (Figure 9) and decline from 7.4% to 30.6% under the selected scenario in the far future. As shown in Figure 9, electricity production will gradually decrease during spring (up to 44%) and increase slightly during the winter season (8%). These changes are expected to occur due to the altered runoff in the Nemunas River.





4. Discussion and Conclusions


This study set out to assess the future potential of hydropower resources in the Lithuanian river catchments. Two challenges accompanied the investigation: projection of ungauged river runoff and assessing the total potential of hydroelectric energy according to the new climate scenarios.



The projection of hydropower resources is a complex process. When managing water resources, water specialists often face the problem of insufficient data or a complete lack of data from hydrological observations. For the present assessment of the total potential of hydroelectric energy, it was necessary to include the runoff data of ungauged rivers. Information transfer from gauged to ungauged Lithuanian river catchments was performed using isoline maps created by interpolating specific runoff derived from the hydrological modeling. Such spatial proximity approach is one of the earliest and most widely used regionalization methods [38,39,40]. This method enabled us to get the data of ungauged catchments necessary for the projection described in the paper. The average annual specific runoff differed only by −7.7%–+3.8% from the calculated one, based on observational data using the isoline method. That confirms that the selected regionalization scheme was successful.



The effects of climate change on the hydrological regime of rivers are well studied. Due to changing precipitation and air temperature patterns in the Baltic Sea basin, alterations in the annual and seasonal runoff distribution are observed and they are projected to continue in the future [41,42,43,44,45]. The aforementioned major drivers result in higher winter runoff and lower runoff during other seasons. However, in different regions of the planet, runoff projections may vary due to dissimilarities in natural (primarily climatic) conditions [46,47,48,49,50]. The present study results demonstrate that even among different hydrological regions of Lithuania, river runoff projections may differ. The most significant and intimidating changes are likely to occur under the most pessimistic scenario (RCP8.5) at the end of the 21st century. In the rivers of the hydrological region of western Lithuania, the runoff will decrease from 4.5 (RCP2.6) to 10.4% (RCP8.5), in central Lithuania from 4.0 (RCP2.6) to 31.2% (RCP8.5), and in south-eastern Lithuania from 1.3 (RCP2.6) to 24.6% (RCP8.5) relative to the reference period. The central Lithuanian hydrological region will experience the greatest decline of runoff according to all projections and in both the near and far future periods. This finding corresponds with a previous study [51] that highlighted vulnerability and a high risk of an increasing number of rivers drying up in response to climate change in this particular hydrological region.



Changing climate and runoff patterns provide additional uncertainty for hydropower generation. IPCC Special Report on Renewable Energy Sources and Climate Change Mitigation [13] states that the impacts of climate change on hydropower generation are likely to be small on a global basis. However, still significant regional changes in river flow volumes and timing may pose challenges for planning. Hamududu and Killingtveit [52] assessed that, globally, hydroelectric energy generation is predicted to change very little (by 0.46 TWh, i.e., less than 1% of the 2005 generation level) by the year 2050. According to Turner et al. [53], by the end of the century, depending on the used general circulation model, a change in net global hydropower production of between −8% and +5% under RCP8.5 is projected. Lehner et al. [54] estimated, for the whole of Europe, a decline of the gross hydropower potential by about 6% by the 2070s according to the moderate climate and global change scenario. The present results demonstrate a clear shrink of hydropower potential in Lithuania due to the already discussed decline of river runoff. In 2081–2100, small hydropower plants’ energy production is expected to lower from 7.1% (under RCP2.6) to 13.7% (under RCP8.5), whereas the reduced river runoff in spring will result in a decrease of almost 50%. In the only large Kaunas HPP, a decline from 7.4% to 30.6%, depending on the scenario in the far future, is projected. Such a decrease in Kaunas HPP electricity production is 1.6 times higher than the annual electricity production of all small hydropower plants. Thus, the loss of such energy would be significant for Lithuanian hydropower production. This estimation is also crucial concerning the possibilities of future development of small hydropower. In neighboring Latvia, it has been assumed that a projected decrease of the mean annual river runoff [41] will bring negative changes to hydropower supply as well, whereas in north Estonia, the climate change impact on hydropower potential is likely to be positive [55], likewise in Norway [7].



An object of the vast majority of studies on hydropower resources are conventional power plants that harness the potential energy of dammed water. Hydrokinetic energy is one among promising renewable energy resources; however, it has yet to be proven commercially viable [56]. Although some hydrokinetic power potential assessments have been accomplished and are available publicly, the authors of the present paper could not find any study dedicated to projections of this riverine hydroelectric energy resource. The current findings revealed that future climate alterations would bring runoff modifications and, consequently, changes of hydrokinetic power potential. In the near future, the total kinetic resources of two major Lithuanian rivers are projected to decrease from 5.0 to 7.5%, and in the far future period, from 6.6% to 15.1% depending on the chosen RCP scenario. The hydrokinetic resources of the main Lithuanian rivers (excluding the Nemunas and Neris) will decrease from 4.3 (RCP2.6) to 7.8% (RCP8.5) in the near future, while it will decrease twice as much compared to the reference period in the distant future.



As hydroelectric power plants’ development using river potential (head) energy is limited in Lithuania due to environmental constraints, installing kinetic (non-head) hydroelectric power plants could be a great alternative in the future. In general, the Nemunas and Neris might have considerable potential as they have favorable hydrokinetic energy generation conditions due to a high flow rate and depth. Small conventional hydropower generation in smaller rivers should not be developed. In the projected conditions of limited water availability, finding the balance between human (energy production) and environment (suitable habitat for aquatic species) needs might be very complicated and hardly achievable. The provided projections could help understand what kind of benefits and challenges water resource managers may face in the future and how to transform the country’s electricity sector development into something more sustainable.
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Abbreviations




	HBV
	Hydrological model developed by the Swedish Department of Climate;



	RCP
	Representative Concentration Pathway is a greenhouse gas concentration trajectory proposed by the Intergovernmental Panel on Climate Change;



	RCP2.6, RCP8.5
	Representative Concentration Pathway scenarios;



	EU
	European Union;



	RES
	Renewable energy sources;



	WGS
	Water gauging stations;



	MS
	Meteorological stations;



	IPCC AR5
	The Fifth Assessment Report of the United Nations Intergovernmental Panel on Climate Change;



	ICHEC-EC-EARTH
	Regional climate in the Great Lakes Water Balance; U.S. Gmodel developer by the Irish Centre for High-End Computing;



	MOHC-HadGEM2-ES
	Regional climate model developer by the Met Office Hadley Centre for Climate Science and Services, United Kingdom;



	MPI-M-MPI-ESM-LR
	Regional climate model developer by the Max Planck Institute for Meteorology, Germany;



	EURO-CORDEX
	The European branch of the CORDEX initiative and will produce data of the climate simulations in the 21st century;



	ArcGIS
	A geographic information system software developed by the Environmental Systems Research Institute, United States of America;



	HPP
	Hydropower plant;



	R
	Correlation coefficient;



	NSE
	Nash–Sutcliffe model efficiency coefficient;



	RE
	Difference between the measured and modeled discharge, %.
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Figure 1. Study area and objects. 
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Figure 2. Principal scheme of the study. 
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Figure 3. Projected discharge variation in the investigated rivers in the 21st century: (a) Jūra River, (b) Mūša River, and (c) Merkys River. 
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Figure 4. Spatial distribution of specific runoff (q, l s-1 km−2) in the territory of Lithuania according to the ensemble of three models in the reference period (1986–2005). 
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Figure 5. Changes (in %) of specific runoff in Lithuanian rivers in the 21st century relative to 1986–2005. 
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Figure 6. Projections of kinetic resources of the main Lithuanian rivers (except the Nemunas and Neris) in the near and far future in different seasons (a) and resource changes in comparison with 1986–2005 (b). 
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Figure 7. Projection of seasonal kinetic resources of the Nemunas and Neris revers in the near and far future (a) and their change compared to 1986–2005 (b). 
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Figure 8. Projection of seasonal energy production in small Lithuanian hydropower plants in the near and far future (a) and its change compared to 1986–2005 (b). 
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Figure 9. Projection of the seasonal energy production in Kaunas HPP in the near and far future and its change compared to 1986–2005. 
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Table 1. Main characteristics of the studied gauging station catchments [19].
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River-WGS

	
Characteristics




	
Average Discharge, m3s−1

	
Basin Area, km2

	
Lakes, %

	
Wetlands, %

	
Woods, %






	
Nemunas-Druskininkai

	
200.2

	
37100

	
1.0

	
24.0

	
16.0




	
Merkys-Puvočiai

	
32.2

	
4220

	
0.9

	
10.0

	
46




	
Šalčia-Valkininkai

	
5.58

	
746

	
0.1

	
5.0

	
34.0




	
Ūla-Zervynos

	
4.77

	
679

	
0.3

	
11.0

	
84.0




	
Nemunas-Nemajūnai

	
246.0

	
42800

	
1.1

	
22.0

	
19.0




	
Neris-Jonava

	
168.0

	
24600

	
2.4

	
10.0

	
28.0




	
Šventoji-Ukmergė

	
44.1

	
5440

	
3.8

	
9.0

	
12.0




	
Žeimena-Pabradė

	
21.6

	
2580

	
7.0

	
10.0

	
37.0




	
Nevėžis-Dasiūnai

	
34.0

	
5530

	
0.2

	
5.0

	
18.0




	
Šušvė-Josvainiai

	
6.06

	
1100

	
0.1

	
14.0

	
21.0




	
Šušvė-Šiaulėnai

	
1.19

	
162

	
0.1

	
22.0

	
16.0




	
Dubysa-Padubysis

	
15.4

	
1900

	
0.6

	
11.0

	
14.0




	
Dubysa-Lyduvėnai

	
8.71

	
1130

	
0.7

	
13.0

	
14.0




	
Nemunas-Smalininkai

	
503.6

	
81200

	
1.5

	
15.0

	
21.0




	
Šešupė-Kudirkos Naumiestis

	
18.9

	
3210

	
2.0

	
11.0

	
17.0




	
Jūra-Tauragė

	
21.8

	
1690

	
0.2

	
6.0

	
20.0




	
Akmena-Paakmenis

	
4.61

	
314

	
0.8

	
11.0

	
5.0




	
Šešuvis-Skirgailai

	
15.5

	
1880

	
0.1

	
4.0

	
17.0




	
Minija-Kartena

	
17.3

	
1230

	
1.4

	
8.0

	
20.0




	
Bartuva-Skuodas

	
7.80

	
612

	
0.2

	
5.0

	
3.0




	
Venta-Leckava

	
30.6

	
4060

	
1.0

	
9.0

	
22.0




	
Venta-Papilė

	
10.4

	
1570

	
0.6

	
7.0

	
27.0




	
Mūša-Ustukiai

	
11.5

	
2280

	
0.8

	
3.0

	
14.0




	
Lėvuo-Pasvalys

	
5.43

	
1560

	
0.4

	
8.0

	
15.0




	
Lėvuo-Bernatoniai

	
3.73

	
1130

	
0.5

	
9.0

	
15.0
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Table 2. Results of calibration and validation of hydrological models.






Table 2. Results of calibration and validation of hydrological models.





	
River-WGS

	
Calibration

	
Validation




	
R

	
NSE

	
RE, %

	
R

	
NSE

	
RE, %






	
Nemunas-Druskininkai

	
0.85

	
0.72

	
−5.2

	
0.68

	
0.54

	
7.3




	
Merkys-Puvočiai

	
0.77

	
0.60

	
−4.3

	
0.65

	
0.52

	
6.3




	
Nemunas-Nemajūnai

	
0.85

	
0.72

	
−6.6

	
0.68

	
0.53

	
7.0




	
Neris-Jonava

	
0.87

	
0.76

	
−9.2

	
0.60

	
0.59

	
3.9




	
Šventoji-Ukmergė

	
0.75

	
0.64

	
2.6

	
0.68

	
0.64

	
12.9




	
Žeimena-Pabradė

	
0.81

	
0.66

	
−5.5

	
0.73

	
0.54

	
7.8




	
Nevėžis-Dasiūnai

	
0.86

	
0.73

	
−11.0

	
0.77

	
0.64

	
16.1




	
Šušvė-Josvainiai

	
0.83

	
0.69

	
3.8

	
0.63

	
0.53

	
5.6




	
Dubysa-Lyduvėnai

	
0.87

	
0.76

	
−2.9

	
0.73

	
0.61

	
3.1




	
Nemunas-Smalininkai

	
0.89

	
0.80

	
−7.3

	
0.65

	
0.50

	
7.8




	
Šešupė-Žiotys

	
0.83

	
0.70

	
−9.8

	
0.66

	
0.57

	
12.6




	
Jūra-Žiotys

	
0.82

	
0.67

	
−3.6

	
0.75

	
0.60

	
3.3




	
Minija-Kartena

	
0.88

	
0.77

	
3.8

	
0.83

	
0.70

	
−1.1




	
Nemunas-Žiotys

	
0.89

	
0.79

	
−6.2

	
0.75

	
0.62

	
6.8




	
Bartuva-Skuodas

	
0.77

	
0.60

	
−7.3

	
0.75

	
0.54

	
8.7




	
Venta-Leckava

	
0.88

	
0.77

	
−2.6

	
0.81

	
0.75

	
3.5




	
Mūša-Ustukiai

	
0.79

	
0.72

	
−4.3

	
0.77

	
0.68

	
7.3




	
Lėvuo-Pasvalys

	
0.83

	
0.68

	
−6.8

	
0.69

	
0.67

	
14.0
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Table 3. Mapping verification.






Table 3. Mapping verification.





	River–WGS
	Winter
	Spring
	Summer
	Autumn
	Annual





	Akmena-Paakmenis
	−7.7
	−10.0
	−9.6
	−4.7
	−7.7



	Lėvuo-Pasvalys
	7.0
	−6.1
	3.0
	−11.5
	−1.7



	Šalčia-Valkininkai
	−2.2
	4.8
	11.5
	3.00
	3.8



	Ūla-Zervynos
	−5.3
	−4.9
	2.7
	0.5
	−2.4
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Table 4. Results of the modeling.






Table 4. Results of the modeling.





	
River-WMS

	
Q

(1986–2005),

m3 s−1

	
Change (in %) Compared to 1986–2005




	
2021–2040

	
2081–2100




	
2.6

	
8.5

	
2.6

	
8.5






	
Hydrological region of western Lithuania




	
Bartuva-Skuodas

	
7.83

	
0.1

	
0.4

	
−5.2

	
−8.2




	
Minija-Kartena

	
15.8

	
−4.8

	
−0.6

	
−4.5

	
2.3




	
Jūra-Žiotys

	
39.2

	
−7.5

	
−4.0

	
−7.9

	
−10.4




	
Nemunas-Žiotys

	
677

	
−6.2

	
−5.0

	
−7.2

	
−6.8




	
Hydrological region of central Lithuania




	
Nevėžis-Dasiūnai

	
32.2

	
−7.2

	
−4.0

	
−6.5

	
−9.9




	
Šušvė-Josvainiai

	
5.79

	
−7.2

	
−4.0

	
−6.6

	
−10.9




	
Dubysa-Lyduvėnai

	
8.60

	
−3.4

	
1.3

	
−4.0

	
1.3




	
Nemunas-Smalininkai

	
487

	
−8.3

	
−4.8

	
−5.5

	
−18.9




	
Venta-Leckava

	
30.0

	
−7.2

	
−4.0

	
−7.2

	
−5.0




	
Mūša-Ustukiai

	
10.9

	
−10.6

	
−6.7

	
−11.9

	
−22.7




	
Lėvuo-Bernatoniai

	
3.61

	
−10.8

	
−5.5

	
−9.3

	
−18.1




	
Šešupė-Žiotys

	
35.5

	
−15.2

	
−15.2

	
−14.9

	
−31.2




	
Hydrological region of south-eastern Lithuania




	
Nemunas-Druskininkai

	
196

	
−9.7

	
−7.6

	
−7.2

	
−24.6




	
Merkys-Puvočiai

	
32.2

	
−5.9

	
−2.2

	
−1.3

	
−16.9




	
Nemunas-Nemajūnai

	
239

	
−8.9

	
−6.6

	
−6.3

	
−22.5




	
Neris-Jonava

	
159

	
−6.5

	
−0.2

	
−3.2

	
−12.8




	
Šventoji-Ukmergė

	
42.9

	
−5.2

	
0.8

	
−2.9

	
−7.7




	
Žeimena-Pabradė

	
22.8

	
−3.2

	
4.1

	
2.7

	
−9.9
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Table 5. Kinetic resources of the main Lithuanian rivers (EKT, GWh a−1) and projection of their changes (in %) in the near and far future relative to 1986–2005.






Table 5. Kinetic resources of the main Lithuanian rivers (EKT, GWh a−1) and projection of their changes (in %) in the near and far future relative to 1986–2005.





	
River

	
E

(1986–2005),

GWh a−1

	
Change (in %) Compared to 1986–2005




	
2021–2040

	
2081–2100




	
2.6

	
8.5

	
2.6

	
8.5






	
Hydrological region of western Lithuania




	
Bartuva

	
2.9

	
1.0

	
1.1

	
−6.2

	
−11.1




	
Venta

	
24.2

	
−8.0

	
−4.5

	
−8.3

	
−5.7




	
Jūra

	
24.6

	
−9.0

	
−4.1

	
−8.8

	
−12.4




	
Minija

	
26.2

	
−6.3

	
−0.6

	
−5.9

	
−2.3




	
Hydrological region of central Lithuania




	
Lėvuo

	
2.7

	
−11.4

	
−11.5

	
−13.7

	
−25.9




	
Šušvė

	
7.4

	
−9.7

	
−9.4

	
−11.4

	
−17.4




	
Nevėžis

	
8.1

	
−9.1

	
−6.1

	
−10.1

	
−18.4




	
Mūša

	
10.1

	
−12.7

	
−8.0

	
−14.9

	
−27.4




	
Dubysa

	
17.7

	
−3.6

	
1.3

	
−4.8

	
−1.8




	
Šešupė

	
27.8

	
−17.5

	
−18.8

	
−18.2

	
−36.2




	
Hydrological region of south-eastern Lithuania




	
Žeimena

	
14.6

	
−4.8

	
4.3

	
2.7

	
−12.3




	
Merkys

	
33.1

	
−7.2

	
−2.7

	
−1.7

	
−19.4




	
Šventoji

	
42.5

	
−4.2

	
1.5

	
−2.5

	
−6.1




	
Major rivers




	
Neris

	
336.3

	
−6.7

	
−0.8

	
−3.2

	
−12.8




	
Nemunas

	
1087

	
−7.8

	
−6.3

	
−7.6

	
−15.7




	
Summary




	
Without Nemunas and Neris

	
241.9

	
−7.9

	
−4.4

	
−8.0

	
−14.5




	
Nemunas and Neris

	
1108.6

	
−7.0

	
−3.2

	
−5.1

	
−14.1




	
All rivers

	
1350.5

	
−7.8

	
−4.3

	
−7.6

	
−14.4
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