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Abstract

:

In this study, we have modelled the effect of climate change and increased irrigation withdrawals on the available water for hydropower production in two semi-arid river basins, i.e., Kizilirmak (Turkey) and Devoll (Albania), and the role of the reservoirs. The combined effect of climate change and extended irrigation withdrawals will overall lead to reduced runoff in the rivers, according to our simulations. The changes will be most dramatic at Kizilirmak, reducing the water available for hydropower production. The presence of the reservoirs will lead to extended water use/losses due to the provision of regulated flow, enabling larger irrigation withdrawals and increasing the evaporative losses from the reservoir surfaces. Comparing the water consumption losses at Kizilirmak, the irrigation losses are in the range of 2–4 times larger than the gross evaporation losses from reservoir surfaces. The reservoirs at Devoll will improve water availability for hydropower production during low flow periods, and the upstream irrigation represents presently a low risk to the downstream power producers. As the results are sensitive to specific river basin characteristics and the assumptions made, the results cannot be generalized to other river basins without taking these specifics into consideration.
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1. Introduction


A growing population with increasing economic development and consumption lead to massive use of the Earth’s resources [1], and recent calculations on freshwater consumption indicate global consumptive use beyond the freshwater planetary boundaries [2]. Many countries and regions experience water stress and aquatic ecosystems suffer from ecological degradation of, which is expected to increase and accelerate with climate change [3,4,5]. Due to global warming caused by anthropogenic greenhouse gas emissions, an increased share of renewable energy production is needed, and large-scale investments in solar, wind and hydropower are expected [4,6], possibly also having a direct positive effect on human health and reduced mortality [7]. Reservoirs are key elements and a prerequisite in water-stressed areas to secure adequate water services, such as water for irrigation, drinking water supply, flood control, navigation, as well as hydropower production [8,9].



Reservoirs typically store water from the wet to the dry season to provide adequate access to water year-round or to protect downstream areas from floods. As such, reservoirs decrease the temporal hydrological variability [10] in order to improve the availability of water in the dry season. On the other hand, reservoirs might also increase the total evaporation of water to the atmosphere and by this, reducing the annual runoff from a basin [11,12]. Finding the trade-offs of these two effects is a delicate balance and management task, as the economic benefits of the enhanced availability in the dry season might be enormous [13]. At the same time, the value of the lost water might also be very high [14]. In the case that reservoirs are used for hydropower production, these evaporative losses are denoted as the water consumption from hydropower production [15,16,17]. The specific water consumption values of hydropower production present a very inconsistent picture [4,17], from close to zero m3/MWh [18] and even negative [19], to far beyond all other energy technologies [4,16,17]. The future with climate change, population growth, economic development and increased needs for food production stimulated by irrigation will add pressure on the available water resources [3]. The careful design, operation and management of the infrastructure to store and distribute water are hence a prerequisite and a challenge.



Furthermore, reservoirs play an important role for large-scale storage of energy [4]. With a gradual larger share of intermittent (“non-regulated”) renewable energy production, such as solar and wind power [4,20,21], the use of reservoirs for energy storage might be even more important in the future. Despite this, the global storage capacity is declining [22], as the siltation in existing reservoirs is larger than the building of new reservoir capacity, giving an even clearer declining trend when presented as storage capacity per capita.



Several studies have analyzed climate change and the long-term effect on runoff [3,23,24,25,26], as well as the changes in runoff variability [27]. Increased and decreased runoff, as well as increased variability will affect and possibly require increased storage capacity. Studies on the role of reservoirs in meeting society’s needs for water in the context of climate change and increasing demands for irrigation are, however, missing. The overall objective of this study has been to analyze:

	
the effect of climate change and increased irrigation withdrawal on the mid- and long-term availability of water for hydropower production and other uses;



	
the role of reservoirs in maintaining the flow for multiple purposes.








This is illustrated in two semi-arid rivers in Turkey and Albania by imposing climate change predictions into a spatially-distributed hydrological model, defining likely scenarios for future irrigation withdrawals and by including/excluding reservoirs in the river basins from the model setups. Two control points, located at sites of hydropower plants, are selected for the assessments of the effects on the water resources available for hydropower production.




2. Material and Method


In order to answer the research questions, we assembled a set of methodologies to assess the objectives. First, we selected two study sites in Turkey and Albania with a reservoir present or under construction. Hydropower production provides one of several purposes, with competition over the water resource services. A hydrologic/water management modeling system was populated with data about the state of the river basins and historical climate data and calibrated against historical observations of runoff. A set of narrative scenarios for changes in climate and irrigation were defined and simulations carried out for future scenarios.



2.1. Model Tool Applied: Water Evaluation and Planning Tool


The WEAP software (Water Evaluation and Planning Tool) is a computer-based tool for integrated water resources planning and management, aimed at supporting policy-setting and decision-making [28]. WEAP supports multi-scenario-based planning for hydrologic basins and associated water systems related to drinking water supply, irrigation, hydropower production and multiple management objectives. The tool holds built-in algorithms for rainfall runoff and infiltration, evapotranspiration, crop water requirements and yields, surface water/groundwater interaction and instream water quality. Reservoir evaporation was calculated manually outside WEAP with the Penman-Monteith equation.



Various methods are available in WEAP to calculate the timing and volume of irrigation. The timing can be defined by fixed periods, water availability or the state of the soil water depletion. The volume of irrigation is either defined by fixed volumes set by the modeler or calculated by the degree of the soil water depletion.



Energy production is simulated in a very simplistic way compared to sophisticated, operational tools used by hydropower utilities, and optimization algorithms are not included in the software. For hydropower plants without reservoirs, the energy production is calculated based on water available in the river. In the case of reservoirs, the release of water for hydropower production can be set to meet a specific energy demand or simply by the availability of water, constrained by the turbine capacity. WEAP is now integrated with long range energy alternatives planning system (LEAP) [29], which supports more advanced analysis of the full energy system and its interdependencies with the water resources availability.



WEAP assumes that all flows occur instantaneously and that demand sites withdraw water from the river and consume it, returning the remainder after use, in the same time step. This way, all demands are covered depending on supply availability in the current time step. Given that there is no time lag considered, the model time step can be chosen based on the basin’s size and residence time. As such, larger watersheds are represented with longer time steps on the order of months, while smaller watersheds are represented with shorter time steps on the order of days or weeks [28].



WEAP has a simplified geographical information system (GIS)-based interface, standard Windows dialogues and is equipped with powerful model-building capabilities allowing user-defined process descriptions to be incorporated.




2.2. Case Study Descriptions


The two case studies are located in a semi-arid region in the Mediterranean area (Figure 1). Kizilirmak River Basin is located in central Turkey, covers approximately 10% of Turkey by land area and drains into the Black Sea. The Devoll River Basin is located in Albania and is less than 1/20 the size of the Kizilirmak River Basin. Details on the reservoirs are provided in Table 1 and river basin characteristics in Table 2.



During calibration (Section 2.4), only those reservoirs that are in operation/completed in the calibration period are represented in the model setups. During scenario simulations of the present and future situations (mid- and end of century), all of the reservoirs presented in Figure 1 and Table 1 are simulated (see the details on the scenario definitions in Section 2.5). In those simulations without reservoirs, all reservoirs are removed from the model setups, in order to investigate the effect of the reservoirs on the water availability. At Devoll, both reservoir locations (Moglice and Banja) are used as control points, while Kargi and Derbent are used as control points at Kizilirmak (Section 2.4).




2.3. Data for Model Setups


The most important data for the configuration and calibration (Section 2.4) of the scenario simulations (Section 2.5) at the Kizilirmak and Devoll River Basins are climatic and hydrological data, river basin characteristics, information about the hydraulic infrastructure (reservoirs) and their operation, water use (irrigation) and the priority of water use in the basin. In order to calibrate the model, a period with all of these data available and of satisfactory quality had to be identified (Table 3). Due to the limited quantity of available data, the full dataset was used to calibrate parameter values. No data were set aside for validation purposes. The data used for calibration are described below.



Runoff data: Data on runoff were used to calibrate the model setups and were provided by Statkraft. The level of quality control was considered adequate, and no further processing, such as error corrections, or temporal, or spatial interpolation of the data, was made. Details are provided in [30,31].



Climatic data: At Kizilirmak River Basin, data on climate were provided by the national climatic data center (NCDC). In this basin, data were available from only two climatic stations, which were assigned to the sub-basins based on an inverse-distance approach. Climate data in the Devoll watershed were provided by Statkraft. Spatial representation of the climatic data was made by Thiessen polygons [37]. In both basins, the received data were of adequate quality, and no further processing was needed. In the case of data gaps (missing data), these periods were simply excluded. Details are provided in [30,31]. Details on climatic data used in the scenario simulations of mid- and end of century situations are given in Section 2.5.



Irrigation data/withdrawal: Data on water withdrawal for irrigation at Kizilirmak were provided by Statkraft/SERGROUP Consultancy Company and the Turkish authorities (DSI (The General Directorate of State Hydraulic Works)). Irrigation data for Devoll were based on data in [34], information provided by Statkraft, communication with local experts and a site visit. The irrigation withdrawal was given with a periodicity, where the irrigation in both basins starts in April, gradually increases to a maximum in July and decreases until October. No irrigation occurs in the period of the months from November to March. The irrigation data (timing, volume) are considered uncertain. Details on the volumes of irrigation per sub-basins used in each scenario simulations are given in Section 2.5.



Reservoir data and energy demand: Data on the reservoirs, hydropower operations and the energy demand at Kizilirmak and Devoll were provided by the hydropower utility Statkraft and [24]. At Kizilirmak, energy demands for each hydropower power plant and release from the reservoirs made in order to fulfill demands are defined each time step. At Devoll, releases for power production are made when water is available. This is a very simplistic approach to operating hydropower plants and introduces uncertainties in the results. For this reason, the results on energy production and energy demand fulfillment are not included in the paper.



Priorities: WEAP allows the modeler to define priorities for various water uses, i.e., high priority use will reach demand fulfillment before low priorities. The priorities at Kizilirmak are defined in consecutive order from upstream to downstream, i.e., the water uses in the upper part fulfill their needs first, if water is available. At Devoll, all demand sites are given equal priority, except the environmental restrictions in the mid- and end of century scenarios, which are given highest priority. Therefore, a relatively equal deficit will be imposed on all demands in periods of limited supply



In the case of the Kizilirmak River Basin, a monthly time step was used to represent the larger residence time of the basin. The Devoll River Basin uses a daily time step to account for the shorter residence of water in this smaller watershed (see Section 2.1 for details on handling the time lag).




2.4. Calibration Approach and the Assessment of Water Available for Hydropower Production


The purpose of the calibration is to adjust the free and semi-physical parameters in the model to reproduce the observed values of runoff in the best way possible. A well-calibrated model is expected to simulate changes in the system with reasonable accuracy.



In order to estimate model performance, the goodness of fit was quantified and evaluated with two different statistical criteria: percent bias (PBIAS) and Nash-Sutcliffe efficiency (NSE), both described by, e.g., [38]. PBIAS is used to compare the annual and monthly water balance of the observations with the simulation results, and positive PBIAS values indicate that the model over-estimates the observed values. NSE is more sensitive to errors in timing of the modelled flow than PBIAS.



Two control points in each of the river basins were used to analyze the effects of climate change, irrigation withdrawals and reservoirs. A control point is a location in the basin where results are of special interests. These points might coincide with where observations are made, the location of a power plant or where the effect of a change in the basin is of particular concern. In our case studies, these points are at the outlet of the river basins and in the middle, lower section of the basins (Figure 1). In the case of Kizilirmak, the middle, lower location is close to Kargi hydropower plant. Kargi is downstream from the Hirfanli and Yemliha reservoirs, but upstream of the Altinkaya and Boyabat reservoirs. At Devoll, the middle, lower location is in between the two reservoirs, i.e., downstream of the Moglice reservoir and upstream of the Banja reservoir. The effect of the reservoirs on the available water resources for hydropower production and other uses is studied with the means of flow duration curves, which is further measured against the percentage of time the water flow is equal to the installed turbine capacities at the power plants selected for comparison (Table 1).




2.5. Definition of Scenarios


Model scenarios were defined for three different time horizons, i.e., today/present situation, mid-century and end of century. Predictions on future changes in climate and irrigation withdrawals were compiled from publicly-available sources, which are detailed and quantified in Table 4 and Table 5.



All three time horizon scenarios were run for both the situation with reservoirs and with all reservoirs removed from the model setup, in order to analyze the effects of the reservoirs on water availability. No new reservoirs are introduced into the model setup of the present situation. The mid- and end of century scenarios at Kizilirmak are model simulations for the periods of 2050–2055 and 2085–2090, while the mid- and end of century scenarios at Devoll are 2065–2070 and 2100–2105, respectively. The length of the simulation period (6 years) was determined by the combined requirements of available climatic data and reliable information about the state and operation of the reservoirs and the irrigation system.



The predictions for changes in climate are based on the scenarios given by [39]. The values are based on the fairly modest RCP4.5 (representative concentration pathway) emission scenario, median values and diversified for summer (S) and winter (W) or a finer temporal resolution when available (month). The changes in precipitation and temperature are based on the “delta change” method [40,41]. The delta changes are computed based on the difference between the historical simulation from the GCM (global circulation models) and the future GCM scenarios, with an additive factor for temperature and a multiplicative factor for precipitation. The present climate is assumed to be identical to the climate given in the calibration periods of the two cases. This is considered to be a reasonable assumption given the fact that the IPCC scenarios for future climate change [39] are based on the reference period 1986–2001 (calibration periods given in Table 3). In the case of Devoll, the calibration period is slightly outside the reference period of the climate change scenarios [39], due to the reason that the irrigation data were considered more reliable in these periods than in the late 1980s and 1990s, when the irrigation system and the monitoring started falling apart. Only one climate change scenario was selected, as the purpose of the study was to assess the combined effect of both the change in climate and irrigation withdrawal, as well as the effect of the reservoirs.



The data on water withdrawals for irrigation for the Kizilirmak are based on the present withdrawal of water. The mid-century withdrawals are based on publicly-available plans for further development of irrigation schemes, provided by the Turkish authorities (Turkish DSI). The defined irrigation withdrawals at the end of the century assume that the irrigation withdrawals stays at the same level as mid-century.



As the reservoirs at Devoll are currently under construction, the model was calibrated on historical data without reservoirs in the river basin. The introduction of reservoirs in the model setup under present conditions is hence a scenario analyzing the possible effects on water availability if the reservoirs had been in place already today (by 2015). In the simulations of the mid- and end of century situations, the reservoirs are assumed in operation. In order to analyze the effect on the water availability, these reservoirs are also removed from the future simulation. In the case of Kizilirmak, all of the reservoirs are assumed to be built and no new ones to be added. The future scenarios are simulated with and without the existing reservoirs.



There will be future restrictions on the release of water from the two reservoirs at Devoll under construction. These restrictions are imposed on the future scenario simulations in Albania (but not in the “present” scenarios) and set to a constant flow of 1 m3/s and 2 m3/s at Moglice and Banja, respectively. It should also be noted that Banja has agreed to release 150 million m3 of irrigation water between May and August, which represents a formalization of the historic/present irrigation in the very lower part of the basin. This will result in a peak flow of 32 m3/s in July, which may affect the power production. There are no defined restrictions related to environmental flow releases in Turkey.



The modelled scenarios are a combination of predicted changes in climate (precipitation and temperature), as given in Table 4, and the changes in irrigation, as defined in Table 5. The scenario simulations are carried out for the present situation, mid-century and end of century situation in both Kizilirmak and Devoll. These six scenarios are all further split into two different variants, i.e., with all reservoirs present in the model setups and without any reservoirs in the model setups, in order to investigate the effect of the reservoirs on the water available for hydropower production and other use. The scenarios without reservoirs present in the model setups are simply generated by removing these objects from the WEAP setups.





3. Results and Discussion


3.1. Calibration Performance


According to [42], calibration results based on simulations with monthly time steps are considered “very good” if PBIAS is less than ±10%, and good if between ±10% and ±15%. NSE values less than zero indicate that average values are better predictors than model simulations. As our study mostly considers the mid- and long-term changes of the water balance and availability and emphasized temporal accuracy less, the performance of PBIAS was considered most important. The calibration results are presented in Table 6.



The calibration statistics for Kizilirmak are based on a sub-set of the calibration period (Table 3). The first years (1981–1982) are problematic due to large uncertainties in the initial state of the whole system, in particular the filling of the reservoirs. For this reason, the years 1981–1982 are excluded from the calibration statistics, but the period is still used to “warm up” the model. Inaccurate representation of filling/release of water during situations, for instance related to construction of reservoirs, will in particular affect the performance of NSE, which is very sensitive to the temporal performance of the model simulations. The period where the large Altinkaya reservoir at Kizilirmak is filled (years 1988–1989) (Table 1) is for this reason excluded from the NSE statistics. The low performance with respect to NSE can also be explained by a combination of the selected temporal resolution, size of the catchment and the fact that WEAP does not do flow routing or time lags in the river (Section 2.1).



In the case of Devoll, simulation results from all years are kept in the statistics, and the possible challenges related to filling of the reservoir are not present during the calibration period, as this is prior to the construction of the reservoirs. It should also be noted that there might be errors in the observations of runoff.




3.2. Changes in Mid- and Long-Term Annual Flow Values


The simulated future scenarios are based on reduced precipitation, increased temperatures and enhanced irrigation withdrawals in both basins (Table 4 and Table 5). The results show that the average annual runoff will decrease in the future at both control locations in both river basins, with and without reservoirs present (Figure 2). The relative future change in runoff is largest at Kizilirmak, where the reductions are in the range of 32%–46% with reservoirs present in the basin and in the range of 21%–28% without reservoirs, when compared to the present situation. The reductions are largest in the end of century simulations, and the relative change is largest at the middle, lower location (Kargi hydropower plant (HP)). The reductions in flow at Kizilirmak are explained by the combined effect of reduced precipitation, increased evapotranspiration and reservoir evaporation (when reservoirs are present in the model setup) and increased withdrawal for irrigation, enabled by the regulated flow provided by upstream reservoirs.



The reductions in runoff from climate change scenarios are relatively smaller at Devoll than Kizilirmak, i.e., in the range of 16%–20% without reservoirs and 9%–12% with reservoirs in the basin, all compared to the present situation (Figure 2). The largest reductions are in the end of century scenarios. A combination of factors leads to the more modest reductions at Devoll. Environmental flow restrictions downstream of Moglice and Banja are introduced in the mid- and end of century simulations. These releases combined with the water demands for power production at the same sites affect the upstream water use, as the environmental flow and power production are all given high or equal priorities for water allocation, giving limitations to the water withdrawal in the upstream areas. Furthermore, in the mid- and end of century scenarios, the irrigation in the middle part of Devoll is abandoned, as these irrigation schemes are considered not viable in the future and will hence reduce the withdrawal. The model results indicate increased potential evapotranspiration, but leading to only a marginal increase in actual evapotranspiration, as the evapotranspiration is constrained by the soil moisture content.




3.3. Changes and Effects in Water Use and Losses


The irrigation withdrawals, as well as the evaporation losses from the reservoirs are much larger at Kizilirmak than Devoll (details in Figure 3 and Figure 4). The evaporation losses are largest in Sub-basin 3 at Kizilirmak, where the largest reservoir (Hirfanli) is located. The evaporative losses increase with increased temperatures due to climate change. The irrigation withdrawals at Kizilirmak are larger than the losses due to reservoir evaporation, typically 2–4 times larger, when reservoirs are present in the model setups (Figure 3). The regulated flow provided by the reservoirs enables larger irrigation withdrawals, and this effect can be seen in all sub-basins in all scenarios, except the most downstream, where the irrigation demand is also fulfilled in the unregulated situation (Table 7). At Devoll, the losses due to reservoir evaporation and irrigation withdrawals are limited in all scenarios (Figure 4).



During the present situation at Devoll, the annual water flow is lower with reservoirs than without (Figure 2, right side). This is explained by reservoir evaporation and to, a lesser extent, irrigation withdrawals (Figure 4). The effect of irrigation is limited, as the majority of the irrigated fields are located upstream of the uppermost reservoir and will hence not benefit from the regulated flow. There are also irrigation withdrawals downstream of the Banja reservoir, but these are downstream of the control points and, hence, not captured by the numbers presented in Figure 4. In the mid- and end of century simulations, the situation changes, and the average annual flow is larger with reservoirs than without, which is also opposite the results at Kizilirmak (Figure 2). This change is explained by the water allocation priorities set in the model. The introduction of the Banja and Moglice reservoirs, including environmental flow restrictions in the very lower end, changes the priority of the water use in the basin. This will restrict the withdrawal for irrigation in the upper part (Figure 4 and Table 7) (leading to lower irrigation coverage) and, hence, increase the flow in the lower parts of the basin.



Table 7 presents the coverage/demand fulfillment of irrigation water for the various scenarios in both basins. The reservoirs at Kizilirmak clearly increase the demand coverage in all situations, while the reservoirs at Devoll and the introduction of environmental flow requirements in the lower parts of the basin reduce the irrigation demand fulfillment. At Kizilirmak, it can also be seen that the lower parts with the highest degree of regulation (Table 7, Figure 1 and Table 2) obtain a higher demand coverage than the upper parts with less regulation.



It should also mentioned that water is withdrawn from the basin for irrigation purposes downstream of the Banja reservoir. This withdrawal does not affect the power production upstream, but does explain the reduced flow from the outlet of Sub-basin 8 to the outlet of Sub-basin 9 (Figure 4).




3.4. Effects on the Flow Duration Curves and Turbine Utilization Time


The results from Kizilirmak, presented as flow duration curves (Figure 5), show that reservoirs clearly improve the water availability during low flow periods under the present situation at both control locations (Figure 5, uppermost panels). The increased availability is most pronounced in the middle, lower control point (Kargi), as this is downstream of the large Hirfanli and Yemliha reservoirs and upstream of areas with extensive irrigation. In the control point at the outlet, the same effect of increased availability can be seen, but is more modest. By the mid- and end of century, the effect on the elevated low flows is gradually reduced and can hardly be seen, especially at the outlet location. The high flows are reduced in both locations under present, mid-century and end of century conditions (Figure 5).



At the location of Kargi HP, the upstream reservoirs improve the availability of water (Figure 5, left panels), as shown by the light blue line “with reservoirs” being above the black line “no reservoirs” in periods of low flow. Approximately 65% of the time during the present situation, 50% of the time during the mid-century situation and approximately 40% of the time by the end of the century, higher availability is expected in low flow periods. At the outlet, the reservoirs improve the water availability about 40% of the time during the present situation, while no improvements can be found in the future simulations (Figure 5, right panels). Unexpectedly, the flow values starting from approximately half the turbine capacities at Kargi HP and Derbent HP are reduced by the introduction of the reservoirs (Figure 5). This is due to the high irrigation demand between the reservoirs and power plants. This demand consumes the increased availability of water provided by the Hirfanlie and Yemliha reservoirs. The regulated flow enables these schemes to withdraw more water than without the reservoirs, giving higher irrigation demand coverage than without reservoirs (Table 7). The increased evaporation from the upstream reservoirs also contributes to the lowered volumes of water available for power production. To what extent the power production can benefit from the periodically increased flows will depend on the span/range of operation of the installed turbines.



The flow duration curves at Devoll (Figure 6) do not differ very much in the situation with or without reservoirs, except the cap on the Banja curves (Figure 6, right part), which indicates the level where power production is on maximum turbine capacity (90 m3/s). The specified energy demand is met at this level, and surplus beyond this flow level starts filling the reservoir.



Looking into the periodicity of the changes in water availability at Kizilirmak (Figure 7), we can see that it is lowest during the summer, both with and without reservoirs, and the introduction of the reservoirs removes the high flows. The regulation does not increase low flow during the summer at the end of the century. The reservoirs introduce a slight time shift of the low flow occurrences from mid-summer to late summer.



The utilization time (number of hours per year the power plant operates on full load) of each of the power plants is clearly affected by the reservoirs and the future situation with climate change and increased irrigation withdrawals (Figure 8). For the power producers in the lower parts of Kizilirmak, the presence of the upstream reservoirs reduces the utilization time (Figure 8, left part), and it would have been better for these operators if the upstream reservoirs had not been built. At Devoll, the reservoirs improve the utilization time substantially in the future situations at both control locations. The introduced environmental restrictions with high priority in the lower parts of the basin contribute to the higher utilization time, because they pose limitations on the irrigation withdrawal in the upper part. It should be noted that the energy demand and operation of the reservoirs are modelled very simplistic, and a smarter use of the reservoirs is expected to lead to more beneficial use of the water.




3.5. Comparison to Past Research


A number of studies have analyzed the long-term change in runoff and/or hydropower production due to climate change. The results from [24] include the effects of both a moderate climate change and anthropogenic water consumption and indicate large reductions in runoff in the region of our study. The specific results from the Euphrates-Tigris estimate reductions larger than 50% in the more extreme scenarios, where only Indus (Pakistan) is expected to experience similar large reductions in flow. The work in [23] shows a clear signal that the region of Albania and Turkey will experience flow reduction in the future due to climate change, where the predicted changes are in the range of 20%–40% for the period 2041–2060 compared to the period 1900–1970. The studies by [43,44,45] on climate change impacts on runoff in Turkey, reviewed by [46], draw two main conclusions. Firstly, there will be large decreases in runoff across much of Turkey by the end of this century, which is in line with our findings at Kizilirmak. Secondly, there will be a spatial variation in the magnitude of the change, with the smallest decreases and possibly increases occurring along the northeastern coast of Turkey. Our results are also in line with the trends found by [47], who simulated the effect of climate change on hydropower production, but did not take into account changes in irrigation withdrawals. The work in [48] simulated Europe’s hydropower potential and found that the hydropower potential might be reduced by 25% or more in south and southeastern European countries. The study of [49] from Alpine Northern Italy predicts an increase in hydropower production in 10 out of 12 months and a decrease in June and July. This is somehow in line with the findings of [50] from the Upper Danube Basin, showing decreased production during summer and increased production in the winter period. Similar results of reduced hydropower production mainly during the summer season have been found in other semi-arid regions, such as in the Yuba River in California, U.S. [51]. The Yuba River is similar to the Devoll River Basin, but with lower water resources availability.



The introduction of new reservoirs represents in some cases, such as at Kizilirmak, a “double-threat” for the downstream hydropower producers, as the reservoir evaporation will reduce the annual volumes of water available downstream, and the regulated flow will allow larger irrigation withdrawals. Reservoirs provide access to water in periods where the unregulated river would have had very little water available. This is often also at the time of the year where the crops’ water needs are highest, i.e., from early summer to autumn. The development of the irrigation schemes for the river will directly benefit from the regulated flow of reservoirs. This situation is similar to the management of reservoirs in the California water system, in particular in Yolo County, where strategies that include water savings, diversifying cropping patterns and improved irrigation are necessary to decrease water demands and create conditions for a more balanced water distribution [52]. In Yolo County, there is also heavy reliance on groundwater, which can also contribute to the mix of water supply alternatives for water-scarce conditions. For the hydropower operator, the location of the plants compared to other water consumers is important to consider, as well as the potential risk of new water consuming activities established upstream of your own project.



Even if the purpose of an upstream reservoir is power production, it can potentially reduce the inflow to a downstream plant, due to increased evaporation losses and irrigation withdrawals. A higher degree of regulation provided by upstream reservoirs might be a disadvantage for a downstream hydropower project. As such, hydropower producers might compete internally over water, and a lower degree of regulation in the basin can, in some cases, be beneficial for those plants located in the downstream end. On the other side, if additional withdrawals made possible due to the regulated flow are abandoned, areas downstream of the reservoir can experience higher availability of water.



Looking at the water losses due to reservoir evaporation exclusively, it should be underlined that those “losses” might be beneficial from a society point of view [13] as the benefits of the available water might be far higher than the costs of the water losses due to reservoir evaporation. Balancing these trade-offs might, however, be a delicate management task in water-stressed regions, as it might also involve a transfer of the benefits from one sector to another and also spatially within the basin. The reservoirs improve under certain circumstances the availability of water for irrigation at Kizilirmak, to the disadvantage of hydropower production in the lower end.




3.6. Guidance for Future Hydropower Developments


The production of electricity from hydropower is determined exclusively by water availability, and water cannot be replaced by another fuel. The inter-dependency between water and energy (“water and energy nexus”) is also underlined by the fact that the availability of water, at least for private consumption, is also to a large extent determined by the access to electricity for pumping and treatment. In order to analyze the risks of future hydropower investments, all factors possibly affecting the availability of water in the mid- and long-term must be assessed. Based on our study, we find it pertinent to propose some guidelines for where particular caution must be made when assessing the risk of hydropower investments:

	
In regions where the predictions of climate change will give lower precipitation, higher temperatures and possibly reduced runoff.



	
In parts of the basin where the available resources are threatened by upstream human activities that might consume water, directly or indirectly. The agricultural sector represents, in particular, a threat, due to its potentially large water consumption.



	
Where indirect factors affect the water priorities and/or consumption, such as population growth and plans for increased food production.



	
Where changes in legislation are expected, potentially affecting increased mandatory releases, e.g., for environmental flow.








Such broad assessments should incorporate technical and participatory processes and can guide planning and decision-making under uncertainty, as has been promoted in other semi-arid regions, like California [51].




3.7. Sources of Uncertainty


A number of assumptions and simplifications are made in order to establish a model to represent the river basin processes analyzed in this study, introducing uncertainties to the outcome. There are also uncertainties in the input data, as well as the data used for calibration. Even though WEAP is considered a suitable hydrological model for the purpose of this study, the tool’s built-in functions are approximate representations of the processes in the river basins. Important assumptions and limitations affecting the model results are discussed in the following.



Priorities between the different types of water uses (e.g., hydropower versus environmental flow versus irrigation), as well as internally among water uses of similar types (e.g., between irrigation schemes) need to be defined in order to allocate water according to those priorities. We imposed the priorities according to our best available knowledge on the priorities and restrictions set by the authorities in each basin. These priorities for water allocation have implications on the available flow in the lower parts of the basin.



We have limited information about the actual operation, because this is often considered business confidential information. Consequently, the representation in the model introduces uncertainty to the results. The energy demand is modelled in a very simplistic way, and the reservoirs will most likely be operated in a more beneficial way in order to produce more power during periods of high electricity price, leading to larger changes in flows than presented in our figures, especially at Devoll.



The return flow from irrigation back into the river is set uniformly at 20% of the withdrawal, which is a gross estimate that could be more accurately included with additional on-site information. A higher return flow will reduce the net withdrawal from the river. The limited climatic input data available in the Turkey case also increases the input data uncertainty, in particular for representing a large basin.



The hydraulic routine is simplified, possibly affecting the timing of the water flow (Section 2.1). The implications of this assumption are that simulations of water routing in the system are not included in the routines, and all water entering the system in one time step is at the outflow in the same time step. As such, we believe a monthly time step for the large basin of Kizilirmak and a daily time step for the smaller basin of Devoll are appropriate approximate assumptions about water routing in these watersheds.



We used the RCP4.5 for the climate assessment as a moderate future development path assuming some reductions in emissions in the next century. We further used the median of the IPCC model runs as the likely scenario within the different RCP4.5 model runs. We acknowledge that this is just one scenario for the future climate, and using the higher RCP6./RCP8.5 scenarios would probably have decreased available water further.





4. Conclusions


We have modelled the effect of climate change and increased irrigation withdrawals on the available water for hydropower production in two semi-arid river basins, i.e., Kizilirmak (Turkey) and Devoll (Albania), and the role of the reservoirs. Key findings from our two case studies are:

	
The combined effect of climate change and extended irrigation withdrawals will overall lead to reduced runoff in the rivers. The changes will be far more pronounced at Kizilirmak than Devoll.



	
The large reservoirs upstream of Kargi HP and Derbent HP (at Kizilirmak) will enable large irrigation withdrawals. In combination with evaporation from the surface areas, the water available in the lower parts will be reduced compared to the situation if reservoirs had not been present in the basin.



	
The irrigation at Devoll is located in the upstream part of the basin, but considered presently to represent a low risk to the downstream power production.








The results are sensitive to the specific river basins and assumptions made in this study, including the defined priorities of water use and the imposed rules of reservoir operation. As such, the results cannot be generalized to other river basins without taking these specifics into consideration.



We recommend that future prospecting hydropower projects include the development of basin-wide hydrological risk assessment plans, taking into consideration all factors affecting the available water resources in the medium and long-term, such as:

	
Climate change;



	
All consumptive water use and withdrawals potentially affecting the available water resources;



	
The role of all reservoirs, even though the purpose of the reservoirs might be non-consumptive;



	
The location of the reservoir in the river basin compared to other water uses, such as irrigated agriculture;



	
The volume of the increased evaporation from the reservoir surfaces;



	
The actual operation of the reservoirs, i.e., timing of the filling and release;



	
The priority of water use in the basin, including the introduction of environmental restrictions and other policies changing water use.
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Figure 1. Case-study Devoll River Basin in Albania (left) and Kizilirmak River Basin, Turkey (right). The blue triangles are reservoirs; red rings with white fill indicate the outlet of a sub-basin in the model setups; the yellow circles are control points; dark red dots are towns/cities; and the black arrows indicate flow directions. Details on the reservoirs are provided in Table 1, further basin characteristics in Table 2. 
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Figure 2. Average annual water flow at the middle lower and outlet control points, for the present, mid- and end of century situation, with and without reservoirs. The results from Kizilirmak are presented to the (a) and Devoll to the (b). 
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Figure 3. Spatial distribution of water losses/withdrawals at Kizilirmak River Basin during present, mid-century and end of century situations, with and without reservoirs. The horizontal arrows indicate water flows in the river; arrows pointing upwards sum evaporative losses from reservoir surfaces, and arrows pointing downwards water withdrawals for irrigation. The results are presented per sub-basin (red numbers on top), and the numbers are given as average annual water flows (m3/s). 
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Figure 4. Spatial distribution of water losses/withdrawals at Devoll River Basin during present, mid-century and end of century situations, with and without reservoirs. The horizontal arrows indicate water flows in the river; arrows pointing upwards sum evaporative losses from reservoir surfaces and arrows pointing downwards water withdrawals for irrigation. The results are presented per sub-basin (red numbers on top), and the numbers are given as average annual water flows (m3/s). 
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Figure 5. Scenario results presented as flow duration curves (exceedance curves) from Kizilirmak River Basin, under present, mid-century and end of century climatic conditions and irrigation withdrawals as specified in Table 4 and Table 5, with and without reservoirs present. The horizontal lines represent turbine capacities of the hydropower plants located close to the control points. (a,b) refer to present situation at the middle, lower control point and close to the outlet, respectively. (c,d) present results from the mid-century situation at the same control locations, while (e,f) refer to the end-century situation at the middle, lower control point and close to the outlet, respectively. 
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Figure 6. Scenario results presented as flow duration curves (exceedance curves) from Devoll River Basin, under present, mid-century and end of century climatic conditions and irrigation withdrawals as specified in Table 4 and Table 5, with and without reservoirs present. The horizontal lines represent turbine capacities of the hydropower plants located close to the control points. (a,b) refer to present situation at the middle, lower control point and close to the outlet, respectively. (c,d) present results from the mid-century situation at the same control locations, while (e,f) refer to the end-century situation at the middle, lower control point and close to the outlet, respectively. As there are presently no reservoirs at Devoll River Basin, the graphs in the two upper panels labelled “with reservoir” are simulation results with a hypothetical introduction of reservoirs under the current climatic conditions and level of irrigation. 
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Figure 7. Time series of water flow at the outlet of Kizilirmak River Basin for a selected period re-projected into the end of the century, with and without reservoirs in the basin. The turbine capacity of Derbent HP is drawn as the horizontal line. The full turbine capacity is utilized for only short periods in the situation with no reservoirs. 
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Figure 8. Percentage of time the full turbine capacities are utilized during the present and future situations, with and without reservoirs represented in the model setups. 
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Table 1. Details on the reservoirs at Kizilirmak and Devoll River Basins. The coding in the first column refers to the coding used in Figure 1. The coding for this purpose is according to that used by international commission on large dams (ICOLD), where H is hydropower, I is irrigation, S is drinking water supply and C is flood control [8,30,31,32].
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Code in Map

	
Reservoir Name

	
Storage Capacities (million m3)

	
Purpose

	
Year in operation

	
Installed Capacity (m3/s)

	
Installed Capacity (MW)






	
a

	
Moglice

	
362

	
H

	
2018

	
65

	
173




	
b

	
Banja

	
391

	
HI

	
2016

	
93

	
70




	
A

	
Imranli

	
62

	
IH

	
2003

	
40

	
18




	
B

	
Cermikler

	
62

	
H

	
2013

	
110

	
25




	
C

	
Yemliha

	
3476

	
IH

	
2005

	
123

	
52




	
D

	
Bayramha

	
912

	
H

	
2011

	
135

	
47




	
E

	
Hirfanli

	
5980

	
HI

	
1959

	
244

	
128




	
F

	
Kesilkopru

	
95

	
ISH

	
1966

	
257

	
76




	
G

	
Kapulukaya

	
282

	
SH

	
1989

	
165

	
54




	
H

	
Obruk

	
661

	
IH

	
2009

	
375

	
211




	
I

	
Kargi

	
40

	
H

	
2015

	
167

	
102




	
J

	
Boyabat

	
3557

	
H

	
2012

	
471

	
528




	
K

	
Altinkaya

	
5763

	
H

	
1988

	
676

	
703




	
L

	
Derbent

	
213

	
HCI

	
1990

	
280

	
56
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Table 2. Characteristic values of the Kizilirmak and Devoll River Basins [30,31,32,33,34,35,36].
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Basin Information

	
Kizilirmak

	
Devoll






	
Size of basin (km2)

	
78,200

	
3140




	
Average flow at outlet (m3/s)

	
186

	
46.6




	
Basin-wide specific runoff (l/s/km2)

	
2.4

	
14.8




	
Runoff coefficient (long term)

	
0.16

	
0.50




	
Average altitude (meters above sea level)

	
749

	
960




	
Altitude range (meters above sea level)

	
0–3813

	
22–2386




	
Range of average precipitation (mm/year)

	
434–460

	
660–1870




	
Population (2008)

	
4.2 million

	
302,000




	
Population density (persons/km2)

	
97.2

	
121.3




	
Storage per catchment area (million m3/km2)

	
0.27

	
0.24
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Table 3. Data overview of Kizilirmak and Devoll River Basins as used in the model studies. Details on the sources of data are provided in [30,31,36].
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Data Information

	
Kizilirmak

	
Devoll






	
Climatic stations used

	
2

	
17




	
Runoff gauging stations used

	
4

	
10




	
Calibration period

	
1981–2003

	
1980–1985




	
Time resolution calibration/simulations

	
Monthly

	
Daily
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Table 4. Description of climatic input to scenario simulations, with and without reservoirs. The climate scenarios are based on the median values from RCP4.5 [39]. The means of: Temp. = temperature change in °C; Prec. = precipitation change in percent. The first numbers indicate the change during the summer, while the numbers after refer to the winter period for Kizilirmak. In the case of Devoll, the temperature changes are given as annual averages. The modelled scenarios are a combination of changes in climate (this table) and changes in irrigation withdrawals (Table 5). S, summer; W, winter. Representative concentration pathway: RCP. Ann. ave = annual average.







Table 4. Description of climatic input to scenario simulations, with and without reservoirs. The climate scenarios are based on the median values from RCP4.5 [39]. The means of: Temp. = temperature change in °C; Prec. = precipitation change in percent. The first numbers indicate the change during the summer, while the numbers after refer to the winter period for Kizilirmak. In the case of Devoll, the temperature changes are given as annual averages. The modelled scenarios are a combination of changes in climate (this table) and changes in irrigation withdrawals (Table 5). S, summer; W, winter. Representative concentration pathway: RCP. Ann. ave = annual average.







	
River Basin

	
Climatic Variable

	
Present

	
Mid-Century

	
End of Century






	
Kizilirmak

	
Temp.

	
As observed

	
+2.5/+1.5 °C (S/W)

	
+3/+2 °C (S/W)




	
Prec.

	
As observed

	
−5%/−2.5% (S/W)

	
−10%/−5% (S/W)




	
Devoll

	
Temp.

	
As calibration period

	
+1.9 °C (ann. ave)

	
+2.4 °C (ann. ave)




	
Prec.

	
As calibration period

	
−15%/−10% (S/W)

	
−20%/−10% (S/W)
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Table 5. Description of irrigation demands used as input to scenario simulations. At Kizilirmak, the present situation refers to those irrigation schemes built by 2013 (in all sub-basins) and the mid-century situation as given by plans for extensions of the irrigation system. The end of century withdrawals are the same as the mid-century. At Devoll, the present situation is given by the current status of the irrigation system, while both the mid- and end of century introduce rehabilitation/extension in the upper parts. The numbers are given in mill. m3/year (m3/s in parenthesis) are total volumes (average annual flow) for the whole irrigation period. A periodicity according to the description provided in Section 2.3 is applied on the volumes given.
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River Basin

	
Sub-Basin

	
Present

	
Mid-Century (End of Century)






	
Kizilirmak

	
1

	
80.8 (2.6)

	
128.7 (4.1)




	
2

	
124.0 (3.9)

	
159.5 (5.1)




	
3

	
871.7 (27.6)

	
1392.4 (44.2)




	
4

	
222.6 (7.1)

	
352.2 (10.1)




	
Devoll

	
1–3

	
53.8 (1.7)

	
75.2 (2.4)




	
4

	
6.8 (0.2)

	
0




	
5–8

	
6.3 (0.2)

	
0




	
9*

	
0.2 (0.01)

	
0








* Irrigation withdrawals downstream of Banja reservoir are excluded from these numbers.
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Table 6. Calibration of runoff and statistical performance according to the percent bias (PBIAS) and Nash-Sutcliffe efficiency (NSE) criteria, at selected locations in each of the basins. Positive PBIAS values indicate over-estimation by the model (see the details in Section 2.4).







Table 6. Calibration of runoff and statistical performance according to the percent bias (PBIAS) and Nash-Sutcliffe efficiency (NSE) criteria, at selected locations in each of the basins. Positive PBIAS values indicate over-estimation by the model (see the details in Section 2.4).







	
Basin

	
Kizilirmak River Basin

	
Devoll River Basin






	
Statistical Criteria

	
1

	
2

	
3-Kargi

	
4-Derbent

	
3

	
4

	
8-Moglice

	
9-Banja




	
PBIAS (%)

	
4.5

	
−8.9

	
−17.3

	
−2.3

	
−7.9

	
6.1

	
1.4

	
−3.1




	
NSE

	
0.91

	
0.46

	
0.20

	
0.53

	
0.25

	
0.42

	
0.30

	
0.47
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Table 7. Irrigation demand fulfillment (coverage) for the future scenarios and sub-basins. The demand fulfillments are given as average numbers for the whole simulation periods and vary between the individual irrigation schemes, during the irrigation period (April–October), as well as from year to year. “Res.” refers to a situation with reservoirs in the basins, while “No Res.” refers to a situation where the reservoirs are removed. The numbers are given in %.







Table 7. Irrigation demand fulfillment (coverage) for the future scenarios and sub-basins. The demand fulfillments are given as average numbers for the whole simulation periods and vary between the individual irrigation schemes, during the irrigation period (April–October), as well as from year to year. “Res.” refers to a situation with reservoirs in the basins, while “No Res.” refers to a situation where the reservoirs are removed. The numbers are given in %.







	
River Basin

	
Sub-Basin

	
Present

	
Mid-Century

	
End of Century




	
Res.

	
No Res.

	
Res.

	
No Res.

	
Res.

	
No Res.






	
Kizilirmak

	
1

	
100

	
98

	
81

	
76

	
78

	
70




	
2

	
100

	
100

	
98

	
74

	
96

	
68




	
3

	
100

	
82

	
100

	
65

	
100

	
63




	
4

	
100

	
100

	
100

	
100

	
100

	
100




	
Devoll

	
1–3

	
74

	
74

	
36

	
49

	
21

	
47




	
4

	
100

	
86

	
N/A

	
N/A

	
N/A

	
N/A




	
5–8

	
88

	
77

	
N/A

	
N/A

	
N/A

	
N/A




	
9

	
100

	
100

	
N/A

	
N/A

	
N/A

	
N/A
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