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ABSTRACT

Climate change and global warming are expected to affect water resources management and planning, requiring adaptations to changing
conditions. Therefore, it is very important, especially for decision-makers, to identify demand deficits due to less water availability with cli-
mate change that may occur in the existing water supply system in advance. FEHEM, a hydroeconomic optimization model of the integrated
reservoir system of the Upper Euphrates Basin, which is the largest and main basin providing water flow to the Euphrates River, is developed.
Using a 45-year historical hydrological dataset, water management and hydroelectric operations are evaluated with a linear programming
model at monthly time steps. The effects of climate change on the Upper Euphrates Basin are evaluated under low and high carbon emission
scenarios. According to the average of the different climate scenarios studied in the model, the average decrease in flows is 37.5%. With
climate change, peak flows will occur about 1-2 months earlier on average. As a result of these hydrological changes, the total amount
of energy production in the basin will decrease by about 54% and energy revenue by the same percentage.
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HIGHLIGHTS

® Two climate scenarios, one with high and the other with low emissions, were studied in the Upper Euphrates Basin. In both scenarios,
there was a 37.5% reduction in flows on average.

® Moreover, the production of 10 large storage hydroelectric power plants in the Upper Euphrates Basin will decrease by approximately 50%
according to different climate scenarios.

® The break in energy income in the basin caused by climate change was calculated.

1. INTRODUCTION

Climate change brings significant changes in long-term weather patterns and is being felt more intensely today due to the
increase in anthropogenic activities. Most of this observed global warming is due to human activities. Recent climate simu-
lations show that if emissions of carbon dioxide and other greenhouse gases continue to rise, the global annual average
temperature will rise by 2.5-4 °C by the end of the 21st century. Global warming due to increased greenhouse gas emissions
has led to changes in the distribution of water resources in many regions of the world, and global and regional hydrological
cycles have been greatly affected (Solomon ef al. 2007; Dufresne et al. 2013; Hagemann et al. 2013).

Climate change over the basins of Turkey has been evaluated in several studies with various aspects. Different hydrological
scenarios are used to determine the effects of climate change in projection studies for the optimum operation of reservoirs
(Zaman et al. 2016; Farjad ef al. 2017; Morid et al. 2019). Prior research has also highlighted many economic elements of
water resource management, including optimizing job prospects while considering water allocation optimization (Davijani
et al. 2016). Sustainable agriculture can be achieved by using water resources as efficiently as possible (Tian et al. 2018). Agri-
culture water management also requires economic optimization (Zhang & Guo 2016). Recent research has combined the
economic and environmental components of global warming. These studies presented a creative framework to measure
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the harmful effects of global warming, with climate change-related water decisions at a local scale connected to the river basin
economy (Auffhammer 2018; Eamen et al. 2021).

Investigating the geometric and topological properties of river networks is important for developing predictive models
describing the network dynamics under changing climate as well as for quantifying the physical processes operating upon
them (Sarker 2020). Various components of the climate change impact studies have been reviewed in the literature.
Galavi ef al. (2023) analyzed the possible impacts of climate change on the river flow of the Hulu Langat basin. Galavi &
Mirzaei (2020) analyzed the possible impacts of climate change on the river flow of the Sarbaz River Basin and the tropical
Hulu Langat River Basin.

Climate projections show that temperature will have increased by the end of the current century. Nearly all of these pro-
jections indicate that precipitation will decrease significantly in Southern Europe and the Mediterranean Basins, including
the Upper Euphrates (https://www.tarimorman.gov.tr/).

The high- and low-emission climate scenarios used in this study represent an increase in air temperature and a decrease in
rainfall. These future changes are likely to have a major impact on high-bodied hydroelectric facilities, especially those with
low storage capacity. According to the scenarios, precipitation is more likely to be in the form of rain and lead to temporally
earlier snowmelt. This will lead to disruption of flow regimes and large flows in shorter time periods. Reservoirs with low
storage capacity will not be able to store this water and will have to spill excess water, resulting in an economic loss. However,
hydroelectric plants with large storage capacities will be able to store large flows that will arrive at earlier times and adapt
more easily to these climatic changes. Therefore, hydroelectric plants with large storage capacities will be less affected
with adaptations. Especially in the summer months when energy demand is high, reduced flows due to climate change
will decrease hydroelectric power generation and this will negatively affect the energy market. Reduced energy production
will lead to higher energy prices (Dogan 2015).

According to international figures, hydropower generates 70% of all renewable electricity and about 16% of the world’s
total electricity (Feng ef al. 2018). Due to its many benefits, including its exceptionally low cost and lack of greenhouse
gas emissions, hydropower generation is one of the most popular ways to produce electricity in the world. It is therefore cru-
cial to assess how susceptible hydropower systems are to climate change consequences (Jakimavicius et al. 2020). Due to
what appears to be climate change, concern over the management and use of water resources has increased in recent decades
(Xu et al. 2020).

Many studies have examined how hydropower generation changes as a result of climate variations, including Ye et al. 2020;
Yu et al. 2020; Di Piazza et al. 2021; and Garrido-Perez et al. 2021.

The FEHEM is a hydroeconomic optimization model for the interconnected water supply system of the Upper Euphrates
Basin. The FEHEM represents approximately 8.1% of Turkey’s total drainage area. Using 45 years of historical hydrological
data to represent hydrological variability, the model determines the optimum hydropower generation decisions of the mod-
eled reservoirs. Using the developed model, it will be possible to prepare water management plans under different policies
and future climate scenarios to determine adaptation strategies in advance (Aytac et al. 2023).

In this study, hydroelectric modeling of 10 reservoirs in the study area under different climate scenarios is carried out.
Reservoir storage capacities range from 0.23 to 295 billion cubic meter (BCM) with power capacities from 50 to 1,330 mega-
watts (MW). The linear programming (LP) method is selected due to its advantages, such as fast calculation and guaranteed
feasible optimal solution, in large-scale reservoir system modeling (Dogan et al. 2021). In the LP hydroelectric optimization
model, two different scenarios with high emissions and low emissions are studied by perturbing 45 years of historical hydro-
logical data. Reservoir storage, release, hydroelectric generation, revenue, and capacity factor results under climate change
are evaluated and compared to historical hydrology.

2. MATERIALS AND METHODS
2.1. Study area

The Upper Euphrates Basin is one of the largest basins in the eastern region of Turkey. It is the richest region of the Middle
East in terms of water resources. The map showing the basins, rivers, and dams in the study area is presented in Figure 1.

In the model study covering such an important region, the monthly flow time-series of Karasu River, Murat River, Munzur
Stream, and Peri Stream between 1971 and 2016 are considered. These rivers and streams combine to form the Euphrates
River. The network representation of the modeled tributaries forming the Euphrates River is presented in Figure 2.
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Figure 1 | FEHEM study area.

All rivers in the study area show typical snow-fed river characteristics. Significant melting in the rivers starts mostly in March
and ends in June and July. Most of the peaks, which are a significant portion of the annual discharge, occur in April and May.
Many large hydroelectric facilities have been built to generate energy from the rich water resources in the region.

The Upper Euphrates Basin hydroelectric facilities account for about 20% of Turkey’s total hydroelectric power generation,
depending on the hydrological variability. General information about the hydroelectric facilities in the Upper Euphrates
Basin is given in Table 1. Half of the hydroelectric energy of the Upper Euphrates Basin comes from the 1,330 MW
Keban Dam on the main tributary and the rest from the Murat, Peri, Karasu, and Munzur River energy levels. Power gener-
ation in the basin is mostly done with water from snowmelt (often stored).

2.2. Climate scenarios and GCMs climate models

The general circulation of the planet’s seas and atmosphere is simulated by the global circulation model (GCM). General cir-
culation refers to large-scale atmospheric or oceanic motions that can have both persistent and cyclical characteristics. The
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Figure 2 | FEHEM model network representation (Aytac et al. 2023).
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Table 1 | The Upper Euphrates Basin hydroelectric facilities

Dam Installed capacity Turbine flow Max. water level volume Lake area Net head Tailwater elevation
Dam ID name (MW) (m¥/s) (hm?3) (km?) (m) (m)
Bagistas BGT 140.63 351.57 250.00 15.58 50.00 862.00
Uzuncayir UZN 81.99 157.67 307.93 13.43 65.00 845.00
Kigi KGI 138.00 104.54 507.55 8.40 165.00 1,225.00
Ozluce OZL 170.00 147.56 1,081.5 25.80 144.00 1,020.00
Pembelik PMB 127.34 212.23 358.38 15.63 75.00 954.00
Seyrantepe SYR 56.84 197.36 24.01 1.50 36.00 920.00
Tatar TTR 128.22 228.96 299.57 13.07 70.00 848.00
Beyhan BYH 582.10 868.70 590.98 19.15 76.00 903.00
Asagi AKL 500.00 628.73 596.06 15.90 87.55 1,012.00
Kalekoy
Keban KBN 1,330.00 1,146.55 29,764.60 687.00 145.00 692.00

GCM uses both empirical computations to duplicate processes based on data and mathematical formulas to represent the
controlling physics of circulation processes.

Because of these characteristics, general circulation models are the main tools for generating climate change projections
based on emission scenarios. These projections are widely used to study the impacts of climate change on different com-
ponents of the climate system at global and continental scales (Russel et al. 2000).

Hydrologic effects of future climate change in the basin have been investigated using dynamically downscaled outputs of
different GCM (ECHAMS5 and CCSM3) simulations via a regional climate model (RegCM3), obtained from a PhD thesis
entitled with ‘Climate Change Impacts on the Hydrology of the Euphrates-Tigris Basin’ (Bozkurt 2013). In the same study,
in addition to the analysis of atmospheric model outputs, the impacts of future climate changes on river discharges in the
basin were investigated via a hydrological discharge model (the HDM). Hydrological discharge simulations were carried
out using surface runoff and drainage outputs of CMIP3 simulations of ECHAMS5. In addition to this, the HDM was
forced by high resolution regional climate model outputs of different GCM-emissions simulations under ECHAMS5 and
CCSM3 scenarios.

The current measurement values using CCSM3 with high carbon emission and ECHAMS5 with low-emission simulations
(CMIP3 models RCP 4.5) for 1960-2016 of Palu and Bagistas observation stations, which represent the flows of the
Upper Euphrates Basin, were compared with the flows for 2070-2100 which were obtained from climate model simulations.
Percentage differences between them according to months were determined.

All of the historical data used in the manuscript are actual observational data taken from nearly 100 current observation
stations in the study area. The FEHEM model uses historical hydrology to represent the hydrologic variability. The base his-
torical case uses historical observed data. For climate change runs, the historical hydrology is perturbed with inflow
multipliers to reflect climate change.

Operations under CCSM3 and ECHAMS climate scenarios are evaluated, in addition to historical climate. The use of both
climate models is justified due to their widespread use in scientific studies, international acceptance within the scientific com-
munity, and their open-source code. When reviewing the literature, it is evident that all climate models predict a decrease in
precipitation and an increase in temperature in the future. Consequently, a common projection among all climate models is a
decrease in streamflow. Therefore, regardless of the climate model, the hydroeconomic situation in the Euphrates Basin has
been projected in the near future, considering a decrease in streamflow.

2.2.1. CCSM3 climate model

The community climate system model (CCSM) is a unified model for simulating past, present, and future climates. In its cur-
rent form, the CCSM consists of four components for the atmosphere, ocean, sea ice, and land surface, connected through a
coupler that exchanges flow and state information between these components (Collins ef al. 2006). It is developed and used
by an international community of scientists from universities, national laboratories, and other relevant institutions. In this
study, simulation values with CCSM3 high-emission scenario are used.
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2.2.2. ECHAMS5 climate model

The fifth-generation atmospheric general circulation model (ECHAMS5), developed at the Max Planck Institute for Meteorol-
ogy, is the latest version of a series of ECHAM models that originally evolved from the spectral weather prediction model of
the European Center for Medium-Range Weather Forecasts. It describes the dynamics of the Earth’s atmosphere, including
physical, chemical, and biological processes and especially the contributions of human behavior. Simulations with ECHAMS5
are part of the Earth system research that strategically aims to predict climate dynamics. The ECHAM source code is
generally available free of charge (Roeckner et al. 2004). ECHAMS low-emission scenario simulation values are used in
the study.

2.3. Model development

Hydrological and economic data are used in hydroeconomic optimization models. Hydrological data consist of reservoir and
tributary flows and evaporation rates. Reservoir storage capacities and hydroelectric turbine capacities also constitute the
model inputs. Economic data consist of unit operating costs and unit energy prices. The main model outputs are reservoir
water storage and releases, hydroelectric energy production, and revenue.

The FEHEM model, a deterministic hydroeconomic optimization model of the Upper Euphrates Basin, is an adaptation of
the CALVIN (California Value Integrated Network) model. CALVIN is a hydroeconomic optimization model for California’s
interconnected water supply system (Draper ef al. 2003; Dogan et al. 2018). FEHEM uses a network-flow structure and is
modeled using Pyomo, a Python-based high-level optimization modeling language (Hart ef al. 2017). In network-flow pro-
blems, the physical system is represented by a set or matrix of nodes (IN) and a set of links (A). In hydroeconomic
optimization models, where the objective is to minimize operating costs and maximize hydroelectric generation revenue,
this process can be expressed mathematically by the following objective function:

minz =SS epXpe V), k) € A @
i ]k

In Equation (1), z represents the cumulative cost. For each link, index i represents the start node and index j represents the
end node. In the piecewise LP technique, k represents each linear segment. The k part is resulted from the linearization of
nonlinear cost functions and c represents the linear unit cost. In this equation, the independent variable is X and represents
the flow from node 7 to node j. All functions used in the model must be convex in minimization problems to guarantee global
optimum. For hydroelectric modeling, the inverse of the benefit curve (penalty) is taken to maximize hydroelectric gener-
ation.

X > L, V(@ j,R) EA 2

X < ugp, V@, j, k) EA ©)
Z Z‘Xﬁk — Z Zaiijijk =0, V(i, J, k) EA (4)
i k i k

Equation (1) is subject to three constraints. The first limiter represents the lower flow limit (I) for each link (Equation (2)).
This lower limit can also be used to represent minimum flow requirements. The second limiting function (Equation (3)) rep-
resents the upper limit (¢) on a given link. This function can also be used to represent the capacity for reservoirs, canals, and
turbines. The last limiter (Equation (4)) represents the mass balance. For each connection, the incoming flow must be equal to
the outgoing flow. In this function, a is used to represent loss factors such as evaporation. All parameters (c, [, #, and a) are
predetermined and fixed.

The objective of the FEHEM model is to minimize costs and maximize hydroelectric generation. All equations expressed
mathematically in Equations (1)-(4) are defined in the format Pyomo uses. The Pyomo solves the optimization problem
through predefined solvers (such as GNU Linear Programming Kit) and the results are organized and analyzed as time-
series through postprocessors. Primal results are reservoir storage and turbine release time-series. Post-processed results
include hydroelectric generation and revenue.
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The base-case FEHEM model has a database consisting of 45 years of historical hydrological data to represent hydrologic
variability. Then, 45 years of historical hydrological data are perturbed to reflect the effects of selected two climate scenarios.

2.4. Storage-head relationship

For a plant with a large storage capacity, the water head varies depending on the reservoir levels. As storage increases, the
height of the drop increases, and as storage decreases the height of the drop decreases. Depending on the topography of a
reservoir site, there is a nonlinear relationship between water storage capacity, elevation, and energy storage. The gross
head is the difference between the reservoir height and the tail water: H = E cservoir — Etailwater-

In the FEHEM model power plants, a polynomial curve is plotted between storage capacity and head to obtain storage-
head relationship. Storage and elevation data are obtained from the volume-slope curves of the dams.

The coefficients in Equation (5) (6, ¢, j, 7, and c) represent the polynomial parameters used by the model. Observed storage
and elevation data are obtained from State Hydraulic Works (DSI). The index i represents the power plant, and H and S are
head and storage, respectively.

H =684+ a8 + BS* + S +a (5)

2.5. Penalties

In hydroeconomic modeling, water demands can be represented by functions of gross economic benefits over a given time
period. In time periods with lower water deliveries than water demand, water scarcity costs are represented by penalty func-
tions (Harou ef al. 2009).

In the FEHEM model, water scarcity costs are represented by piecewise linear penalty functions for hydroelectric water
demand. Penalties represent the loss of benefits from not producing energy. The x-axis of a penalty curve represents the
amount of water supplied for hydroelectric and the y-axis represents the total cost (Figure 3). A linearly reversed graph
would represent the hydroelectric benefit curve.

Hydroelectric generation is modeled with penalty curves in FEHEM, and power capacity, energy production, and revenue
are calculated with a separate post-processor. A hydroelectric processor takes reservoir storage and turbine release data from
the FEHEM output file and provides monthly time-series of power capacity, total monthly and annual energy production and
revenue, amount of water spilled, and total turbine capacity used.

Equation (6) shows the hydroelectric utility function B at any given time ¢ as a function of unit electricity price p, unit
weight of water y, flow rate Q, head as a function of storage H(S), and efficiency e. The objective of FEHEM is to minimize

Scarcity cost

]<— Scarcity —-‘

Marginal value of water (USD/AF)

Actual Target Delivery
delivery delivery (TAF/month)

Figure 3 | Economic value of water (TAF, thousand acre-feet; AF, acre-feet) (Dogan 2015).
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system-wide operating costs, which requires modeling hydroelectric benefits as penalty functions.

B; = pryQ:H(Sy)e (6)

Hydroelectric optimization requires the representation of two key inputs in addition to plant characteristics: these are reser-
voir flows and energy prices. It is assumed that hydroelectric operations do not affect energy prices. In a deterministic model,
flow and price are assumed to be known with certainty. In these conditions, Equation (7) shows the total power (Watts) that
can be produced as a function of water density, where p is the density (kg/m?); acceleration due to gravity as g (m/s%); plant
efficiency =  (constant); H is the water head (m); and Q is the flow rate through the turbines (m>/s). The product of these
values gives the installed power in Watts.

Power = p.g.n.H.Q (7)
If we multiply the power by the time, ¢ (hours), in a given period, AT, it gives the energy production (kWh) (Equation (8)):

T

Energy = J pgnH(HQ()dt ®)
0

Multiplying the amount of energy produced by the energy price, p(t) ($/kWh) vyields hydroelectric revenue ($)
(Equation (9)).

T
Revenue = J penH () Q(t)p(t)dt ©
0

For N power plants in a network, the total hydroelectric revenue from all plants and time steps (Equation (10)) can be for-
mulated as follows:

N T
Total revenue = Z gn;H; Qi pAt (10)
7

i

For fixed head plants, the head H does not change over time T for a given plant i. However, in variable head plants with
large storage capacity, H can be expressed in terms of water head in terms of storage, and this depends on two variables:
turbined flow Q and stored flow S (Equation (11)).

N T
Total revenue = » > pgn;H(S); Qi pAt (11)
i

2.6. Energy prices

Energy prices are the economic value of a unit of energy production in the energy market. The energy market consists of a
system operator, scheduling coordinators, the energy exchange, public utility distribution companies, retail companies, and
customers. In the energy exchange, the price for each day and each hour of the day is determined by automatic auction, while
the lowest possible cost electricity is delivered to the interconnected system through distribution and retail companies to meet
demand. In FEHEM, energy prices are obtained from EPIAS (Energy Exchange Istanbul-EXIST). These values are converted
into monthly average energy prices and entered into the model.

2.7. Perturbed hydrology

In order to determine the impacts of climate change in the FEHEM model, 45 years of hydrological historical dataset is per-
turbed and the model is run under two scenarios with low and high carbon emissions. In these simulations, the current
measurement values of Palu and Bagistas current observation stations, which will represent the flows of the Upper Euphrates
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Basin, for1971-2016 were compared with the flows for 2071-2116 obtained from climate model simulations. Percentage differ-
ences between them according to months were determined. Climate scenarios reflect future hydrological variability. Figure 4
shows the monthly average historical inflows between 1970 and 2016 (historical) and perturbed inflows according to climate
models ECHAMS5 and CCSM3. Historical inflows show typical snow-fed river characteristics. Monthly values of the flows
show that significant melting started in March and ended in June and July. Most peaks occur in April with 20-40% of the
annual flow, while Karasu River’s peak appears in May. The graphs show that slight increases occur mostly from November
through March, while significant decreases are mostly from April through July.

In the low-emission ECHAMS5 scenario, an average decrease of 50% is observed in April, May, and June when the flow
increases under historical conditions. In December, January, and February, there is an average increase of 40% compared
to historical hydrological data. According to the ECHAMS5 model, the average flow carried by the rivers in the FEHEM
region shows a record decrease of 61%. The January average shows an increase of 54%.

According to the high-emission CCSM3 scenario, the flow carried by the rivers in the FEHEM region will decrease by an
average of 80% in spring. An increase of 30% is expected from January only. In the whole basin, the CCSM3 simulation pre-
dicts earlier timing of the annual peak discharges and lower peak season flows.

In both models, it is seen that the annual total flow amounts decrease significantly. Generally, the largest current losses
occur in the April-July period. The increase in flows is spread over the January—-March period. This can be explained by
the fact that snowmelt in the FEHEM region occurs at an earlier time interval due to the increasing temperature with climate
change. The reason for the decrease in the spring-summer period can be explained as the decrease in the total amount of
precipitation. Generally, it is observed that the flow rates in the fall months do not change significantly. This can be explained
by the fact that the Upper Euphrates Basin is located in a region where arid climate conditions prevail.

3. RESULTS AND DISCUSSION
3.1. Reservoir operations

Reservoirs are important water management tools. They store water when it is more abundant and release it when demand
and energy unit prices are high. With the time shift in peak flows due to the possible effects of climate changes, and with snow
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Figure 4 | Monthly average flow changes of river energy stages in climate scenarios.
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melting earlier in spring under higher emission climate conditions, peak storage occurs earlier. Moreover, all climate scen-
arios show that the annual amount of storage in FEHEM basins will decrease. The largest annual average storage in the
basin total is about 25.98 BCM with historical hydrology, which decreases to 24 BCM under the ECHAMS5 scenario and
18 BCM under the CCSM3 scenario. According to the historical hydrology in Figure 5, the average annual minimum surface
storage value of around 12 BCM will decrease to 8 BCM.

At all times, average annual surface water storage with perturbed hydrology is less than historical surface storage. Accord-
ing to the high-emission CCSM3 scenario, the loss in annual storage is around 30%. This reduction in the amount of surface
storage is projected to reduce the reliability of storage with climate change, reducing system-wide hydroelectric capacities and
reducing energy revenues.

3.2. Hydroelectric generation

FEHEM reservoirs generally store water in winter and spring. In other months, it is turbined because the unit energy price is
higher and the energy demand is higher. Since the general operating principle of the model is to maximize total utility, there is
generally a tendency to store in months when the unit price of energy is low, and a tendency to turbine in months when the
unit price of energy is high to increase revenue. The average monthly electric generation in the FEHEM region is quite high in
spring. Production decreases with decreasing flow in the summer and fall months. Low- and high-emission climate scenarios
are shown in Figure 6. Accordingly, energy values decrease at very high rates in the months of high production and reach
similar figures in almost every month of the year.

Figure 6 shows the basin-wide monthly modeled hydroelectric generation and revenue under historical and projected cli-
mate scenarios. In general, monthly production and revenue patterns do not differ significantly, with coinciding peaks and
lows. However, energy generation and revenue significantly decrease with climate change, especially between March and
August. In FEHEM basins, energy generation and revenue are higher in spring months under historical hydrology. When
energy bars and revenue line is analyzed in Figure. 6, it is seen that energy bars exceed the revenue line in spring months.
In other months, the revenue line is above the energy bars. This can be explained by the low unit price of energy in the
spring months and the low total income relative to the energy produced. The average annual hydroelectric generation
across the region is 9,481.88, 4,631.04, and 3,966.32 GWh per year with hydroelectric benefits of $619.69 million, $316.10
million, and $267.71 million for the historical, ECHAMS5, and CCSM3 climate cases, respectively. The average annual
reduction in hydroelectric generation is about 50%, corresponding to an annual revenue loss of about 300 million dollars.
The annual reduction of about 5,000 GWh corresponds to about 7% of Turkey’s average hydroelectric power generation
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Figure 5 | FEHEM reservoirs monthly turbine discharge.
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Figure 6 | FEHEM monthly average energy generation and revenue with modeled climate scenarios.

in 2021. When all climate scenarios are analyzed, it is seen that monthly average energy and income values drop significantly
in the spring months.

Figure 6 shows that the monthly average of the power plants modeled under historical climatic conditions peaked in May
with a production of 105.26 GWh. Although the highest production occurs in May, it drops to 28.66 GWh for ECHAM5 and
25.48 GWh for CCSM3 with climate changes. This reveals that approximately 75% of energy can be lost. In particular, peak
production in the March-July period decreases to almost the same level as in other months. When the results are evaluated in
terms of both climate scenarios, it will lead to a very serious energy loss by the end of the century.

Many of the FEHEM hydroelectric plants have large storage capacities; however, average annual hydroelectric generation
and income are decreasing with global warming due to decreasing total precipitation and runoff. According to the model
results described in Table 2, the biggest decline in hydroelectric generation is in the Peri Basin. Climate change has less
impact on the Murat River, where the Asagikalekoy and Beyhan power plants are located. In addition, according to the
results of both climate scenarios, there will be significant decreases in the Munzur and Karasu energy groups. The total
energy production amount of the Munzur energy group will be lost by 55.6% compared to the low-emission scenario,
while the Karasu energy group will experience a loss of 59.42% compared to the high-emission scenario. There will be a
50% loss of energy and income across the basin. The annual average energy reduction is 51.16% for the ECHAMS climate
scenario and 58.17% for CCSM3.

Climate scenarios show that there will be less water availability in FEHEM regions. Due to these expected dry climatic
conditions, hydroelectric generation will decrease. Figure 7 shows production reliabilities of the Keban hydroelectric plant
under hot and dry hydrological conditions with historical high (CCSM3) and low (ECHAMS5) emissions. In all scenarios,
the reliability of monthly average hydroelectric generation decreases at any probability level. In general, as hydroelectric gen-
eration increases, the differences in generation reliability become more pronounced. Even the spring production of the Keban
Dam will be drastically reduced. The production of 1,000 GWh drops to 200 GWh under both scenarios. The production of

Table 2 | Regional hydroelectric revenues

Energy (GWh/year) Difference (%)
Region Historical ECHAMS5 ccsms3 ECHAMS ccsMm3
Murat Energy Group 2,039.6 1,147.5 880.1139 —43.74 —-56.85
Peri Energy Group 1,555.0 590.3 573.2093 —62.04 —63.14
Munzur Energy Group 2194 97.4 101.0756 —55.61 -53.93
Karasu Energy Group 429.1 205.5 174.1484 -52.11 —59.42
FEHEM 9,481.9 4,631.0 3,966.3 —51.16 —58.17
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Figure 8 | Regional average turbine capacity utilization in historic and hot-dry climates.

1,000 GWh decreases to 200 GWh in both scenarios. As a result, the consistent and reliable energy output from the power
plants (firm energy) will decrease significantly. When historical data are analyzed, it is seen that the production curve is not
horizontal and has a trend from high to low values.

In the warmer and drier climate scenarios, the average turbine capacity utilization in the FEHEM region decreases by
about 20% in the ECHAMS5 climate scenario and by about 21% in the CCSM3 scenario (Figure 8). The highest capacity
factor in the FEHEM region belongs to the Karasu Basin, while the lowest capacity factor belongs to the Murat Basin. Like-
wise, according to the ECHAMS5 climate scenario, the highest capacity factor is observed for the Karasu Basin and the lowest
for the Peri Basin. For the CCSM3 climate scenario, the highest capacity factor is projected to be in the Munzur Basin with
17.43%, while the lowest value is projected to be in the Murat Basin with 11.76%. It can be said that the capacity factors of
low- and high-emission climate scenarios are close in the Peri and Munzur basins.

4. CONCLUSIONS

The aim is to simulate hydroelectric operations with the FEHEM model under different possible future climate conditions, in
addition to historical climate conditions. For this purpose, two different possible future climate scenario conditions were inte-
grated into the FEHEM model to determine the impact of global warming and climate change. The effects of drier climate
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conditions on the Upper Euphrates Basin hydroelectric generation are investigated. CCSM3 represents the high carbon emis-
sion scenario and ECHAMS5 represents the low carbon emission scenario.

The shift of spring snowmelt to early winter months will result in a decrease in spring flows and an increase in winter flows.
This shift will directly affect reservoir operations and hydroelectric generation. According to the model results, the total
reduction in reservoir inflows is calculated to be 52% for the high emission and about 23% for the low-emission climate
model.

It can be said that the ECHAMS climate model has less impact on the total energy production of the Murat River compared
to other basins with a difference of —43.74%. The Murat River has dams with large storage capacities, and due to the oper-
ational flexibility provided by this capacity, it can be said that their impact on energy production is relatively low.

Likewise, according to the CCSM3 model, the least difference between the basins occurred in the Munzur basin (—53.93%).

Hydroelectric generation decreases in both climate scenarios due to less precipitation. Average annual hydroelectric power
generation would decrease by 51.16% for the low-emission scenario and 58.17% for the high-emission scenario. Climate
change is significantly reducing the production reliability of reservoirs in the FEHEM region. Decreases in flows will
cause a decrease in the total energy of the dams as well as a decrease in their firm energy.

In parallel with the decrease in energy production, energy revenue also decreases. An average annual loss of hydroelectric
revenue of USD303.59 million is expected for the low-emission scenario and USD351.98 million for the high-emission
scenario.

While the average turbine capacity utilization across the basin is 36.6% under normal conditions, it decreases to 16.8%
under the low-emission climate scenario and 14.33% under the high-emission climate scenario.

The FEHEM model stored an average of 21 BCM of water per year in reservoir storage operations. While this value reached
26 BCM in some years, there were also years when it decreased to 12 BCM. In the expected climate scenarios, the highest
storage value was 24.41 BCM and the lowest storage value was 9.06 BCM. This shows that global warming and climate
change will cause a decrease of around 30% in storage.

Changes in the timing and magnitude of water availability with possible climate change will vitally alter reservoir oper-
ations. Changing flow conditions under climate change increase levels of winter storage; however, summer and fall
storage falls below the historical average. As storage capacity increases, with greater operational flexibility, facilities can
better adapt to changing climates. However, small storage capacity facilities have little room to make operational adjustments
and are therefore less adaptable.
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