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Highlights

e  Climate projections indicate increasing temperature and decreasing precipitation trends.

e A warming climate is expected to alter the streamflow regime significantly.

e Less snowfall is projected in future winters compared to the past.

e  Projected changes in hydro-climatic conditions could result in decreases of up to 17.3% in energy production.
e Adaptive measures are needed to achieve target returns from hydropower projects in the coming decades.
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ABSTRACT

This assessment presents a framework for exploring the changing climate impacts on the energy production capacity of
a run-of-river type plant, using the Basoren Weir and Hydropower Plant (HPP) as a case study. The Basoren Project is
planned considering historical streamflow records in the source region of the Euphrates-Tigris River Basin (ETRB),
which is a prominent hotspot warming at nearly double the global average rate. The quantification is built on precipitation
and maximum/minimum temperature datasets from 24 Global Climate Models (GCMs) belonging to the sixth phase of
the Coupled Model Intercomparison Project (CMIP6) under the moderate- and high-end Shared Socioeconomic Pathway
(SSP) scenarios of SSP2-4.5 and SSP5-8.5, as well as the CMIP6 historical experiment (HEXP) scenario. The
distribution mapping method is employed to adjust the raw GCM datasets for systematic biases. The Soil and Water
Assessment Tool (SWAT) is preferred in producing daily runoff time series for the bias-adjusted simulations of each
GCM over the historical (1988-2009) and three future (2025-2049, 2050-2074, and 2075-2099) periods. The
ramifications of the changing climate on the Basoren HPP's energy production capacity are assessed based on the
medians of the operational results reached for each GCM under the future societal development scenarios of SSP2-4.5
and SSP5-8.5, considering the medians achieved under the HEXP scenario as the reference case. The results indicate
potential reductions in the mean yearly energy production of the Basoren HPP by 7.9%, 5.5%, and 5.3% under the SSP2-
4.5 scenario, and by 5.8%, 8.0%, and 17.3% under the SSP5-8.5 scenario for the periods 2025-2049, 2050-2074, and
2075-2099, respectively. While declining spillway releases are expected to partly offset the impact of decreasing
streamflow rates on energy production, the shift from a snow-dominated to a rain-dominated hydrologic regime
necessitates re-optimizing the power capacities of the ETRB plants to maintain effective use of hydropower potential.
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1. INTRODUCTION

Water resources are becoming increasingly susceptible to the consequences of climate variability
and change on a global scale [1-5]. The ramifications of changing climate on water resources
extend across multiple sectors, affecting energy, ecosystems, and human societies [6,7].
Renewable energy sources, such as hydropower and thermoelectric power, are particularly
dependent on climate and are likely to be influenced by projected hydroclimatic changes [8-16].
As a key clean and renewable energy source, hydropower significantly contributes to climate
change mitigation, accounting for over 16% of total electricity generation and about 85% of
renewable electricity production globally [17]. Neglecting the impacts of changing climate on
hydropower could result in suboptimal performance and economic inefficiencies in hydropower
plant (HPP) projects [18-21]. The projected impacts of a changing climate on hydropower
generation are not uniform and vary based on the specific location, size, and configuration of each
project [22]. For instance, hydropower potential could decrease by up to 5.4% in China [23] and
increase by up to 25% in India [24]. Therefore, a comprehensive understanding of current and
future hydroclimatic conditions and their interactions with energy systems is crucial for informing
sustainable hydropower generation at spatial and temporal scales pertinent to decision-making

[25,26].

Such understanding requires the application of climate models, including Global Climate Models
(GCMs) and Regional Climate Models (RCMs), to evaluate changing climate impacts on
hydrological attributes and, consequently, energy production for HPP projects. The latest release
of the Coupled Model Intercomparison Project, phase 6 (CMIP6), offers enhanced data from
climate models based on socioeconomic scenarios named Shared Socioeconomic Pathways (SSPs)
[27]. These SSPs are integral to a new scenario framework that aids researchers in understanding
future climate impacts, vulnerabilities, adaptation strategies, and mitigation efforts [28]. The SSPs
outline various potential future trajectories for land use changes and greenhouse gas emissions,
derived from integrated assessment models with diverse assumptions regarding economic
development, climate action measures, and international governance [29]. The judicious selection
of appropriate GCMs or RCMs is pivotal for comprehending future impacts and effectively
managing the opportunities and challenges posed by climate change, often achieved by using
ensembles to mitigate uncertainty [30,31]. Although RCMs offer higher resolutions and

incorporate intricate physical processes that enable them to replicate fine-scale climatic
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information beyond the capabilities of GCMs [32], CMIP6-based RCMs are still relatively sparse
compared to the tens of GCMs included in the CMIP6 database.

The Euphrates and Tigris are the two largest rivers of the Middle East region, identified as a
prominent hotspot warming at nearly double the global average rate [33-36]. Originating in
Tirkiye, these rivers play a vital role in supporting hydropower production, irrigation, and
domestic water supply for Tiirkiye, Syria, Iraq, and Iran. Bozkurt and Sen [37] reported that the
snow-dominated northern highlands of the Euphrates-Tigris River Basin (ETRB) in Tiirkiye will
experience the most significant direct impacts of changing climate compared to the other riparians.
Projections from Bozkurt et al. [38], Sen et al. [39], and Yucel et al. [40] show that snowmelt
runoff in the northern highlands of the watershed will occur earlier in the year. Despite these
expected changes for the basin's streamflow regime, as documented also by several studies [41-
48], Tiirkiye continues to expand its hydropower generation capacity on the ETRB by constructing
new dam and run-of-river type plant projects, which are planned without accounting for the
changing climate impacts. While the existing HPP projects with reservoirs offer the potential to
mitigate climate change impacts by re-optimizing operational rule curves and adjusting reservoir
operation levels accordingly, this adaptation opportunity does not exist for run-of-river type
projects in operation. Therefore, it is imperative to consider changing climate conditions in the

planning stages of run-of-river type plants.

The primary objective of this assessment is to explore the future energy production of a run-of-
river type HPP in the most threatened highlands region of the ETRB under GCM projections from
the CMIP6 database. The Basoren Weir and HPP Project, planned on one of the snow-fed upstream
tributaries of the Tigris River, serves as the case study (Figure 1). For this purpose, daily
precipitation and maximum/minimum temperature datasets from 24 CMIP6 GCMs under the
CMIP6 historical experiment (HEXP) scenario and the moderate-end SSP2-4.5 and high-end
SSP5-8.5 societal development scenarios [27] are utilized to project daily inflow rates and,
subsequently, daily energy productions for the Basoren HPP in the historical period of 1988-2009
and three future periods: 2025-2049, 2050-2074, and 2075-2099. The Soil and Water Assessment
Tool (SWAT) is selected for projecting daily streamflow rates at the Basoren Weir location under
the bias-adjusted climate datasets of each GCM. A daily operational algorithm is developed relying
on the technical features of the project specified in its feasibility report [49]. Operational runs are

performed over the historical and future periods using the inflow projections obtained with the

465



Int J Energy Studies 2024; 9(3): 463-491

calibrated SWAT model. The quantification of changing climate impacts is performed over the
2025-2049, 2050-2074, and 2075-2099 periods, on a seasonal and annual basis, considering the
ensemble medians of the energy productions calculated for the climate simulations of each GCM
under the scenarios of SSP2-4.5 and SSP5-8.5. The historical medians determined for the 1988-
2009 period under the historical HEXP scenario serve as the reference case. This assessment aims
to highlight the urgent necessity for developing adaptation and mitigation strategies in the planning
of run-of-river type hydropower projects in the ETRB and other similar basins threatened by
changing climate. Moreover, the analyses conducted on the ensemble medians of the hydro-
climatological projections emphasize the importance of incorporating climate change impacts on
spillway discharges and non-power releases for water supply, particularly for such snow-fed

watersheds.

2. OVERVIEW OF THE BASOREN PROJECT

Bitlis Creek stands as a prominent tributary of the Tigris River ensconced within the territorial
confines of Tiirkiye, alongside Botan, Batman, and Garzan Creeks. The Basoren Weir and HPP
Project [49] is planned to be constructed on Bitlis Creek, approximately 13 km south of the Baykan
district within the borders of Siirt province, as presented in Figure 1. The Basoren Project is an
energy-constrained facility aimed at harnessing the hydropower potential of Bitlis Creek between
elevations of 561 m and 530 m. The flows of Bitlis Creek, originating from a drainage area of
840.8 km?, are planned to be diverted by a weir structure designed at the thalweg elevation of 553
m into a 5920 m-long trapezoidal transmission canal with a bed slope of 0.0004 m/m. This
transmission also includes a 190 m-long concrete siphon structure with an inner diameter of 4.6
m. Subsequently, the flows will be conveyed to the power plant, equipped with four Francis
turbines, by passing through a penstock 125 m in length and 4 m in diameter. The plant is designed
to operate with an optimized discharge rate of 40 m>/s, divided among four units with capacities
of 2.50, 6.25, 15.625, and 15.625 m>/s, culminating in a cumulative installed power capacity of

9.9 MW [49].

Karinca (E26A016) and Baykan (E26A010) are the two stream gauging stations (SGSs) measuring
the runoffs of Bitlis Creek, as depicted in Figure 1. The drainage areas of the Karinca and Baykan
SGSs are 346.4 and 636.5 km?, respectively. While the Karinca SGS has only streamflow
measurements for the 1965-1969 period, the Baykan SGS has daily flow measurements spanning

from 1955 to 2010 [50]. As for in-situ climate data, Bitlis (17207) and Siirt (17210) are the two

466



Int J Energy Studies 2024; 9(3): 463-491

@ METEOROLOGICAL STATION
@ STREAM GAUGING STATION
A WEIR

/ TRANSMISSION CANAL

/ PENSTOCK

< HYDROPOWER PLANT

[ Agricultural land-generic M c;lcic :\:era;oal;w :
2 | m Lithosols-eutric
‘ cambisols
- | M Calcic kastanozems
" Chromic luvisols
" Haplic xerosols

o DIGITAL
ELEVATION
MODEL

Figure 1. Layout map of the Basoren Weir basin along with geospatial characteristics

weather stations (WSs) around the Basoren Weir basin, with long-term continuous daily records
of precipitation, maximum/minimum temperature, relative humidity, wind speed, and solar
radiation (Figure 1) [51]. These weather datasets are essential for setting up the hydrologic model
of the study basin. The Bitlis and Siirt WSs operate at altitudes of 1573 m and 895 m, respectively.
According to the established Thiessen polygons, these stations represent 66.5% and 33.5%,
respectively, of the Basoren Weir basin, which has an average elevation of 1442 m. Although the

hydrological modeling timeline for the study could be extended from 1955 to 2010 considering
467
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the available streamflow, precipitation, and temperature measurements from the synoptic stations,
data availability for the other essential weather records limits the historical analysis period to 1988-

2009 [50,52].

3. METHODOLOGY

3.1. Hydrological Modeling Using SWAT

The hydrological model of the Basoren Weir catchment is built using SWAT [53,54]. ArcSWAT
2012 (revision 664) is used to construct the SWAT model for simulating the daily inflow rates of
the Basoren Weir under both historical and potential future climate scenarios. In configuring the
model, the digital elevation model at 1 arc-second resolution [55], land cover map in grid format
at 1 km spatial resolution [56], and grid-based soil characteristics map at a scale of 1:5 million
[57] are utilized to delineate the basin's physiographic conditions, as presented in Figure 1. Daily
measurements of precipitation, maximum/minimum temperature, relative humidity, wind speed,
and solar radiation from the Bitlis and Siirt WSs for the 1984-2009 period are incorporated into
the model [52]. This includes the weather records for a four-year warm-up period from 1984 to
1987 and the long-term mean monthly statistics of these measurements [51]. The integrated
weather generator of SWAT utilizes these statistics to produce daily values, addressing any
missing observations and generating both historical and future rates of relative humidity, wind
speed, and solar radiation under the historical HEXP scenario and the future scenarios of SSP2-
4.5 and SSP5-8.5. Additionally, five elevation bands are set up to consider the influence of the
mountainous terrain on both precipitation and temperature in the simulation of snowpack and

snowmelt processes [53,58].

After configuring the SWAT model, it undergoes calibration and validation for daily runoff
simulations against the measured runoff data from the Baykan SGS [50] spanning 1988 to 2009.
The periods from 1988-2001 and 2002-2009 are designated for calibration and verification,
respectively. For the sensitivity analysis of modeling parameters, as well as the calibration and
verification stages, the Sequential Uncertainty Fitting Version 2 (SUFI-2) algorithm [59,60] is
preferred within the SWAT Calibration and Uncertainty Procedures (SWAT-CUP) software [58].
The objective function used is the bR? statistic, which is the product of the coefficient of
determination (R?) and the slope of the zero-intercept linear regression line between the measured
and simulated data (b). SUFI-2 allocates uncertainties from the input datasets, conceptual model,

and modeling parameters across the sensitive parameters' ranges iteratively. Simulation
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uncertainty is measured using the 95% prediction uncertainty (95PPU) band. This band is
evaluated using the P-factor and R-factor indices. The P-factor represents the percentage of the
measured data that falls within the band, whereas the R-factor signifies the ratio of the mean band
width to the standard deviation of the measured data. Typically, a greater P-factor requires a
correspondingly larger R-factor. Thus, SUFI-2 is iterated multiple times, progressively narrowing
the initial parameter ranges until an optimal set is reached. The calibrated parameter ranges are
provided by the last iteration, and the best simulation with the highest objective function value

from this iteration yields the best-performing parameter values [61].

In this study, a three-step sequential calibration procedure is applied for the developed SWAT
model to mitigate snow-related parameter dependency and identifiability challenges. In the initial
two steps of the calibration procedure, the precipitation and temperature lapse rates and snow-
related sensitive parameters are calibrated and then set to their best simulation values sequentially.
In the subsequent third step, the procedure is finalized by calibrating the ranges of other
streamflow-related sensitive parameters. At the start of each calibration step, the sensitivity of each
parameter is examined independently by undertaking a one-at-a-time analysis, employing a single
iteration that consists of 50 simulations. Subsequently, a combined iteration comprising 500
simulations is carried out with the sensitive modeling parameters of that step, assigning their initial
ranges determined through the ome-at-a-time analyses. The combined iterations persist until
satisfactory levels of P-factor, R-factor, and hR? are achieved. The final iteration in the third step
of the calibration procedure provides the calibrated parameter ranges and best-performing

parameter values [59,62].

Following the completion of model calibration, the calibrated parameter ranges undergo validation
against the daily flow records from 2002 to 2009. This validation entails a single combined
iteration using the calibrated parameter ranges. Beyond the bR? metric, the ratio of the root means
square error to the standard deviation of the measured data (RSR), Nash-Sutcliffe Efficiency
(NSE) [63], and percent bias (PBIAS) indices are utilized to evaluate the calibration and validation
performances for the best simulation results. However, it's crucial to note that these statistical
measures derived from the best simulation outputs do not fully capture the flow forecasting ability
of the calibrated model due to the dependency of the best simulation on the highest objective
function value attained against the historical streamflow measurements. Therefore, a single

simulation is repeated for the validation period to affirm the efficacy of the best-performing
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parameter set identified for the calibration period. The results of this simulation are denoted as the
best simulation estimates [62], and the flow forecasting efficacy of the calibrated model is

scrutinized based on this simulation's outputs, employing the bR?, NSE, PBIAS, and RSR metrics.

3.2. CMIP6 GCM Datasets and Daily Streamflow Projections

The daily precipitation and maximum/minimum temperature simulations of the 24 CMIP6 GCMs
at the Bitlis and Siirt WSs' coordinates are used to drive the calibrated SWAT model for projecting
the daily inflow rates of the Basoren Weir under the historical HEXP scenario and the moderate-
and high-end societal development scenarios of SSP2-4.5 and SSP5-8.5. Details of the GCMs
selected due to their daily time-scale simulations under the first ensemble member (rlilplfl) for
the analyzed SSP scenarios are given in Table 1. The raw GCM datasets are obtained from the
website of the Earth System Grid Federation (ESGF) [64]. Since the downloaded GCM datasets
have different grid sizes, they are transformed to a standardized spatial resolution of 0.5° x 0.5°
using the first-order conservative remapping technique [65] to facilitate consistency and

comparability.

The raw historical and future simulations extracted from the transformed GCM datasets undergo
bias adjustment against the synoptic stations' measurements [52] to align them with location-
specific climate features, including distribution, sequence, and magnitude. The bias adjustments
are conducted using the distribution mapping (DM) method of the Climate Model Data for
Hydrologic Modeling (CMhyd) software [66]. The modified index of agreement (md) [67],
normalized root means square error (nRMSE) [68], Kling-Gupta efficiency metric (KGE) [69],
and fraction skill score (FSS) [70] statistics are utilized as the performance metrics to assess the

effectiveness of the performed bias adjustment over the historical datasets of the GCMs.

The inflow rates of the Basoren Weir under the historical HEXP scenario over the 1988-2009
period are estimated with the calibrated SWAT model by introducing the bias-adjusted
precipitation and maximum/minimum temperature simulations from each GCM for the period
from 1984 to 2009. This process involves conducting 24 model runs, utilizing the initial four years'
datasets to warm up the model. To project the inflow rates of the Basoren Weir over the period
2025-2099, a total of 48 model runs are conducted utilizing the bias-adjusted simulations of each
GCM for the 2021-2099 period under the SSP2-4.5 and SSP5-8.5 scenarios. To ensure fair

comparisons between the streamflow projections and, hence, hydropower productions over the
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historical and future periods, all model runs are executed under representative daily relative

humidity, wind speed, and solar radiation rates generated by SWAT.

Table 1. Overview of the GCMs selected from the CMIP6 database

Spatial resolution in arc degrees

Model ID Country - -
Latitude Longitude
ACCESS-CM2 Australia 1.25 1.875
ACCESS-ESM1-5 Australia 1.25 1.875
BCC-CSM2-MR China 1.112-1.121 1.125
CanESM5 Canada 2.767-2.791 2.8125
CMCC-ESM2 Italy 0.9424084 1.25
EC-Earth3 Europe 0.696-0.702 0.703125
EC-Earth3-CC Europe 0.696-0.702 0.703125
EC-Earth3-Veg Europe 0.696-0.702 0.703125
EC-Earth3-Veg-LR Europe 1.112-1.121 1.125
FGOALS-g3 China 2.025-5.181 2
GFDL-CM4 USA 1 1.25
GFDL-ESM4 USA 1 1.25
INM-CM4-8 Russia 1.5 2
INM-CMS5-0 Russia 1.5 2
IPSL-CM6A-LR France 1.267606 2.5
KIOST-ESM Korea ~1.9 1.875
MIROC6 Japan 1.389-1.401 1.40625
MPI-ESM1-2-HR Germany 0.927-0.935 0.9375
MPI-ESM1-2-LR Germany 1.850-1.865 1.875
MRI-ESM2-0 Japan 1.112-1.121 1.125
NESM3 China 1.850-1.865 1.875
NorESM2-LM Norway 1.894737 2.5
NorESM2-MM Norway 0.9424084 1.25
TaiESM1 Taiwan 0.9424084 1.25

3.3. Hydropower Production under Changing Climate

The consequences of the changing climate on the hydropower production capacity of the Basoren
HPP are analyzed using an operational algorithm coded in the Visual Basic for Applications
(VBA) language. The operational runs are conducted on a daily time scale, relying on the technical
characteristics and operational constraints of the project [49]. The applied operational algorithm is
schematically illustrated in Figure 2. The technical features integrated into the operational
algorithm include the weir crest elevation, tailwater level, spillway capacity, design discharge,
number of units, type of turbines, turbine capacities, and turbine efficiency curve (i.e., load-versus-

efficiency), as well as the transmission canal, siphon structure, and penstock characteristics.
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Figure 2. Schematic representation of the operational algorithm of the Basoren Project

Additionally, due to the transmission canal involved in the project design, a total of 69.98 hm? of
water in varying amounts monthly is mandated to be released annually as environmental water
(i.e., non-power release) for the creek section between the weir and the outlet of the power station

to sustain the natural ecosystem.

In addition to these fixed inputs, the streamflow projections obtained for the Basoren Weir location
are utilized as dynamic inputs for repeated operations. Accordingly, a total of 24 operations are
executed in the 1988-2009 period using the streamflow projections attained from the bias-adjusted
climate simulations of the considered GCMs under the historical HEXP scenario. The potential

future variations in the hydropower production of the Basoren HPP are investigated over the

472



Int J Energy Studies 2024; 9(3): 463-491

periods of 2025-2049, 2050-2074, and 2075-2099. For each future time frame evaluated, the
operational runs are repeated 48 times utilizing the streamflow time series estimated for the bias-
corrected climate simulations of the GCMs in the scenarios of SSP2-4.5 and SSP5-8.5. The
variations in hydropower production, as well as spillway and environmental water releases, are
assessed over three future time frames, considering the operational results attained for the period

1988-2009 as the reference scenario.

4. RESULTS AND DISCUSSIONS

4.1. Evaluation of the Calibrated SWAT Model Performance

The calibration of the SWAT model is performed through a three-step procedure for the period
1988-2001, using the daily runoff measurements from the Baykan SGS. Initially, two lapse rate
parameters and six snow-related sensitive modeling parameters are calibrated and set to their best-
performing values in the first and second steps, respectively. In the subsequent third step, the
parameter ranges of 12 sensitive streamflow-related modeling parameters are refined through
repeated combined iterations until a satisfactory simulation performance is achieved. Detailed
information about the calibrated parameters is presented in Table 2. In this table, the operator v
denotes the replacement of a parameter value within the defined range, whereas the operator
denotes a relative adjustment obtained by multiplying the current parameter value by 1 plus a value
within the specified range. Additionally, fixed values mean that a parameter is initially adjusted at

that step and then maintained constant in the subsequent steps.

The 95PPU band and the best simulation time series attained over the final combined iteration are
presented in Figure 3(a). The resulting 95PPU band has a P-factor statistic of 0.89 and an R-factor
statistic of 0.95. A P-factor statistic surpassing 0.7 and an R-factor statistic below 1.5 are deemed
sufficient to strike a balance between the two metrics for runoff simulations [61]. The bR?, NSE,
PBIAS, and RSR statistics of the best simulation against the station records are computed, in turn,
as 0.76, 0.68, 4.6%, and 0.56 (Table 3). Daily runoff simulations of catchment-scale models are
classified as satisfactory if they achieve an R? statistic exceeding 0.6 with a b value around 1, an
NSE statistic surpassing 0.5, and a PBIAS statistic within the range of +15% [71]. Furthermore, a
runoff simulation is considered satisfactory if it achieves an RSR value below 0.7 [72]. According
to the attained statistics and graphical time series, it can be concluded that the best simulation

performance of the calibrated model is sufficient to be categorized as satisfactory.
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Table 2. List of the sensitive modeling parameters along with calibrated ranges and best-

performing values

Step Parameter [53,54] Operator  Calibrated range  Best-performing value

! TLAPS.sub v - -7.05
PLAPS.sub v - 9.26
SMFMX.bsn v - 3.31
SFTMP.bsn v - 1.62

5 SMTMP.bsn v - -2.47
SNOCOVMX.bsn v - 38.86
SMFMN.bsn v - 1.39
TIMP.bsn v - 0.75
ALPHA BF.gw v [0, 1] 0.77
OV_N.hru r [-0.9, 199] 156.82
RCHRG_DP.gw v [0, 1] 0.59
CH K2.rte v [-0.01, 500] 462.5
SOL BD().sol r [-0.3,0.66] 0.06

3 SOL K().sol r [-0.99, 249.31] 15.28
CN2.mgt r [-0.1,0.1] -0.07
GWQMN.gw v [0, 5000] 4455
GW_REVAP.gw v [0.02, 0.2] 0.16
GW_DELAY.gw v [0, 500] 400.5
SOL_AWC().sol r [-0.99, 4.71] -0.51
SOL Z().sol r [-0.7,2.33] 0.95

Figure 3(b) displays the daily runoff rates simulated by the model for the Baykan SGS location

during the validation period from 2002 to 2009. Similar to the calibration phase, the verification

phase results in a reasonable 95PPU band characterized by adequate observed data coverage and

narrowness, with values of 0.87 and 1.10 for the P-factor and R-factor metrics, respectively [61].

Furthermore, the performance of the best simulation closely resembles that of the calibration

period, achieving satisfactory bR?, NSE, PBIAS, and RSR values of 0.74, 0.64, 10.2%, and 0.60,

respectively (Table 3) [71,72]. When assessing the forecasting ability of the developed model

using the best-performing parameter set from the calibration, the best simulation estimates exhibit

Table 3. Simulation statistics for the performance evaluation of the SWAT model

. . R b NSE PBIAS RSR Mgan Standard 3doeviation
Simulation %) ' (m’/s) . (m?/s)
Simulated Observed Simulated Observed

Calibration period (1988-2001)

Best simulation 0.76 1.00 0.68 4.6 0.56 17.18 18.02 29.18 25.54
Validation period (2002-2009)

Best simulation 0.74 1.01 0.64 10.2 0.60 16.08 17.90 26.58 9270

Best simulation estimates  0.74 0.99 0.65 6.6 0.59 16.71 26.14
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performance comparable to that of the best simulation of the verification, as illustrated in Figure
3(b). As detailed in Table 3, the bR?, NSE, PBIAS, and RSR metrics for the best simulation
estimates are determined to be 0.73, 0.65, 6.6%, and 0.59, respectively.

()
500 gy yr TN TI— TR R YT T AT T ©
400 100
—_ o
= 95PPU o
£ Precipitation e,
= 300 Observed streamflows 200 -;
g Best simulation ﬁ
£ 200 300 2
N ~~
® =
& 2
100 | L{M 400
| ! i
1/1/1988 1/1/1990 1/1/1992 1/1/1994 1/1/1996 1/1/1998 1/1/2000  12/31/2001
Days [1988-2001]
(b)
500 e — — S = — = = = O
400 100
@ 95PPU :E
) L o
g Precipitation <}
~ 300 Observed streamflows 200 S,
3 Best simulation g’
=O | Best simulation estimates %’.
£ 200 300 =
- W | 5
7 | | L |
100 ; l 400
| |
I ; I I \ \
L) LY (N W\ |\ I ‘
0 : : i A b 500
1/1/2002  1/1/2003 1/1/2004  1/1/2005 1/1/2006  1/1/2007  1/1/2008 1/1/2009 12/31/2009

Days [2002-2009]
Figure 3. Comparison of the measured and simulated daily runoff rates at the Baykan SGS

location over the (a) calibration and (b) validation periods

4.2. Projected Changes in Climate

Ensuring reliable streamflow projections hinges on effectively adjusting biases in GCM
simulations. This study employs the DM method for the bias correction of the historical and future
climate simulations from the 24 GCMs and four error indices to evaluate the simulation
performances of the raw and bias-adjusted historical datasets against the records of the synoptic

stations. While perfect agreement is indicated by 0 for the nRMSE metric, this value is 1 for the
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md, KGE, and FSS statistics. Figure 4 illustrates the box-and-whisker plots of the areal-averaged
performance metrics computed against the measurements of the Bitlis and Siirt stations on a
monthly basis considering the stations' representation ratios for the Basoren Weir basin (i.e., 66.5%
for the Bitlis WS and 33.5% for the Siirt WS). While significant error variabilities are observed

for the raw climate datasets of the HEXP scenario, the error ranges diminish notably after bias
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Figure 4. Comparison of performance statistics for the raw and bias-adjusted (a) precipitation,
(b) maximum temperature, and (¢) minimum temperature simulations of the GCMs across the

Basoren Weir basin
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correction. Specifically, the applied bias correction leads to nearly perfect alignments for the
temperature datasets of the GCMs. Although the statistical improvement for the precipitation
simulations lags behind that for the temperature simulations, this is a common problem also
mentioned by other authors using different bias adjustment methods [47,48,73-75]. Nevertheless,
while the areal-averaged mean yearly precipitation and maximum/minimum temperature rates for
the Basoren Weir basin based on the stations' records in the 1988-2009 period are 2.85 mm/day
and 17.96°C/6.85°C, respectively, the corresponding median rates for the bias-adjusted GCM
simulations under the historical HEXP scenario are determined as 2.75 mm/day and

18.07°C/6.97°C.

The areal-averaged annual mean precipitation and temperature time series of the 24 GCMs under
the historical HEXP scenario and the future development scenarios of SSP2-4.5 and SSP5-8.5 for
the Basoren Weir basin are illustrated in Figures 5(a-c), as their ensemble medians and 95%
confidence intervals. Potential future climatic changes in the Basoren basin are assessed on a mean
seasonal and annual basis for the median rates of the areal-averaged climate simulations of the
GCMs under the scenarios of SSP2-4.5 and SSP5-8.5, utilizing the ensemble medians from the
historical HEXP scenario as the reference case. As detailed in Table 4, this analysis is performed
over the 2025-2049, 2050-2074, and 2075-2099 periods. Accordingly, for the SSP2-4.5 scenario,
while the projected average annual and seasonal daily precipitation amounts show no substantial
changes over the entire future period, the projected mean annual maximum/minimum temperature
rates exhibit gradual increases, reaching 3.38°C/3.17°C in the period 2075-2099. For the SSP5-
8.5 scenario, the average annual daily precipitation rate decreases by 6.7%, 8.5%, and 16.2% in
the 2025-2049, 2050-2074, and 2075-2099 periods, respectively. The highest seasonal
precipitation reductions are detected for the 2075-2099 period, with rates of 17.9%, 12.5%, 19.1%,
and 24.2% for the autumn, winter, spring, and summer months, respectively. In this high-end SSP
scenario, the average annual maximum/minimum temperatures during the periods of 2025-2049,
2050-2074, and 2075-2099 are anticipated to exceed those of the reference period by
2.10°C/1.91°C, 3.90°C/3.66°C, and 6.17°C/5.67°C, respectively. The foreseen precipitation and
temperature anomalies for the Basoren Weir basin are highly consistent with the climate
projections for the neighboring upstream tributaries of the Tigris River, attained under the
moderate- and high-end SSP scenarios using different bias correction and ensembling techniques

[47,48].
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Figure 5. Annual (a) precipitation, (b) maximum temperature, and (¢) minimum temperature

projections for the Basoren Weir basin, along with (d) annual streamflow estimates at the

Basoren Weir location
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4.3. Projected Changes in Streamflow Regime

The historical and future daily inflow rates of the Basoren Weir are projected within the SWAT
model utilizing the best-performing parameter values from the calibration. These projections rely
on the bias-adjusted daily precipitation and maximum/minimum temperature datasets from the 24
GCMs under the historical HEXP scenario and the moderate- and high-end societal development
scenarios of SSP2-4.5 and SSP5-8.5. The annual means of the resulting 24 daily streamflow time
series for each climate scenario are depicted in Figure 5(d) as their ensemble medians and 95%
confidence intervals. As with the analysis of climatic change, the median inflow rates obtained
under the historical HEXP scenario serve as the reference case. Potential future variations in the
inflow rates of the Basoren Weir are assessed based on the ensemble medians achieved under the
scenarios of SSP2-4.5 and SSP5-8.5. As outlined in Table 4, this assessment is conducted on a

mean seasonal and annual basis for the 2025-2049, 2050-2074, and 2075-2099 periods.

Table 4. Comparisons of the median precipitation and maximum/minimum temperature

projections for the Basoren Weir basin and of the median inflow projections for the Basoren Weir

Climate scenario HEXP SSP2-4.5 SSP5-8.5
Analysis period 1988- 2025-  2050-  2075- 2025-  2050-  2075-
2009 2049 2074 2099 2049 2074 2099
Autumn 2.7 2.05 2.15 2.07 2.07 2.03 1.86
o Winter  4.59 428 436 4.45 446 435 4.01
?g&%ﬁ;;lon Spring  3.92 3.72 3.65 3.88 3.51 3.47 3.17
Summer  0.26 0.25 0.23 0.25 0.25 0.25 0.19
Annual — 2.75 2.57 2.59 2.66 2.57 2.51 2.30
Autumn  20.66 2257 2359 24.26 2311 2488 2744
. Winter  4.53 6.37 7.39 8.10 6.65 8.45 10.81
?fg’)“mumtemperamm Spring 1540 16.91 17.62 18.32 17.14 19.00  21.04
Summer  31.46 33.17 3418  34.89 3353 3530 3743
Annual — 18.07 1981 2075 21.45 2017  21.96  24.24
Autumn  8.50 10.03 10.85 11.44 10.51 12.14 1405
. Winter  -3.08 -1.45 -0.79 0.05 -1.28 0.17 1.60
?fé‘;lmum temperature g ine 520 6.44 7.21 7.72 6.54 7.94 9.66
Summer  17.10 1934 2064 2118 1959 2208  25.04
Annual — 6.97 8.63 9.52 10.14 8.88 10.63  12.64
Autumn  5.68 5.23 5.59 5.90 6.10 536 5.03
Winter 1517 1590 1827  19.39 16.57 19.54  21.06
(Srgf/g“ﬂow rate Spring ~ 43.77 36.06 3484 3446 36.19 3258 24.25
Summer  7.69 6.62 6.47 6.65 6.76 637 5.68
Annual 1813 1598 1631  16.62 1643 1597  13.99
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For the SSP2-4.5 scenario, the mean yearly inflow rate of the Basoren Weir decreases by 11.8%,
10.0%, and 8.3% in the periods 2025-2049, 2050-2074, and 2075-2099, respectively. In this
moderate-end SSP scenario, the most outstanding streamflow variations are detected for the winter
and spring seasons. While the average inflow rate for the spring months decreases by 17.6%,
20.4%, and 21.3% in the 2025-2049, 2050-2074, and 2075-2099 periods, respectively, increases
of 4.8%, 20.4%, and 27.8% are anticipated for the winter rates of the corresponding periods. For
the SSP5-8.5 scenario, the decrease percentages in the mean annual inflow rate are determined to
be 9.4%, 11.9%, and 22.8% for the 2025-2049, 2050-2074, and 2075-2099 periods, respectively.
In this high-end SSP scenario, the declines in the spring flow rates and the increases in the winter
flows are foreseen to be much stronger than those in the SSP2-4.5 scenario. The mean winter
inflows in the 2025-2049, 2050-2074, and 2075-2099 periods are anticipated to be 9.2%, 28.8%,
and 38.8% higher than the historical mean inflow rate, respectively. In comparison, the decline
percentages for the corresponding spring seasons are attained, in turn, to be 17.3%, 25.6%, and
44.6%. Such a shift projected for the future streamflow regime at the Basoren Weir location is also
mentioned in other studies performed on streamflow projections for the neighboring upstream
tributaries of the Tigris River [47,48]. Hence, given the climate projections for the Basoren basin
under the scenarios of SSP2-4.5 and SSP5-8.5, it is reasonable to infer that precipitation in future
winters will occur less frequently as snow compared to the past, due to the increasing temperature
trends across the region. This inference aligns with the projections of Sensoy et al. [46] regarding
the future snow duration, snow cover extent, and snow water equivalent in the snow-dominated
headwater sub-catchments of the Euphrates River Basin, which share similar climatic and

topographical characteristics with the Basoren basin.

4.4. Projected Changes in Hydropower Production

The annual means of the resulting energy production, power release, spillway release, and non-
power (i.e., environmental water) release time series from the operation studies, conducted across
the historical and future periods utilizing the daily inflow projections, are demonstrated in Figures
6(a-d), as their ensemble medians and 95% confidence intervals. Similar to the analyses for future
climate and streamflow variations, the medians of the energy production and release amounts for
the 24 different streamflow time series projected for the historical HEXP scenario serve as the
reference case for the analysis of potential operational changes in the Basoren HPP. The median
results of the operational studies for the period 1988-2009 reveal that the Basoren HPP has an

average annual energy production of 26.29 GWh. Additionally, the mean yearly volume of water

480



2024; 9(3): 463-491
(@)

Int J Energy Studies

0012 0012 0012 — — 0012
1 602 1 5602 1 s602 T = 460z
10602 4 0602 4 060T // 1 060T
- 80T 4 $80C 1 5802 / 1{ s80C
1 0802 1 080T 1 0802 080
|
1 sL0T 1 §L0T 4 6L0T 4 6L0T
,J_J.de
1 0L0z 1 0Loz 1 ooz 325 4 ooz
£248
1 §902 45902 4 §90T 1{ 5902
10902 40902 4 090T 40902
1 csoz 1 ssoz 1 ss0z 1 ssot
1 0s0z 1 050z 1050z 1 050z
1 sw0e 1 stz 1 shoz 1 shoz
1 0v0T 4 010z 1 010z 4 010z
1 sgot 14 5€0T 1 sg0t 1 sgoT
1 0£0T 4 0€0T 1 0€02 4 0€02
, = A $70z — $702 A $70¢ ‘ 1 czoz
0102 010T — 0102 - 0102
1 s00z 1 5002 1 500¢ ‘m_ | <002
1 000T 40002 40002 { 40002
1 661 1 s661 4 5661 : 4 S661
1 0661 4 0661 . 4 0661 4 0661
1 1 1 1 1 1 1 mw@~ 1 1 1 L Ww@— L L L L 1 1 L meﬁ 1 1 1 1 L 1 L WMO~
v NN O n © > < — S S OO OO OO O DO - S O OO OO O OO - <t AN © 0 O < a o 0 S
NN AN A A = - < AN 0 <+ © OV AN & =+ O < <t — 0 \nH AN N O o ] o~ > > 0 O O O O n [
(YAAD) A3.19ud pasnpoad (swy) aseafaa romog (;wy) aseajaa Kemyidg (cwy) aseafar samod-uoN

, (b) power release, (¢) spillway release, and (d) non-
481

power release projections for the Basoren Project

Figure 6. Annual (a) energy production



Int J Energy Studies 2024; 9(3): 463-491

passing through the turbines is projected to be 385.55 hm?>. It is noted that an average of 116.79
hm?® of water is discharged annually from the spillway, with an additional 68.42 hm? released per
year into the streambed to maintain ecosystem continuity. The spillway operates, on average, for
36 days per year, with 32 of those days occurring in spring. Moreover, an average annual
deficiency of 2.2% in meeting environmental water demand is detected, rising to 22.5% during

autumn.

As detailed in Table 5, the ensemble median operational results observed for the scenarios of
SSP2-4.5 and SSP5-8.5 over the 2025-2049, 2050-2074, and 2075-2099 periods are compared to
those achieved for the historical scenario on a mean seasonal and annual basis. For the SSP2-4.5
scenario, it is anticipated that the mean annual runoff rates at the Basoren Weir location will
decrease by 11.8%, 10.0%, and 8.3% during the periods 2025-2049, 2050-2074, and 2075-2099,
respectively (Table 4). The conducted operations indicate that the impact of the foreseen inflow
decreases on future energy production is partly compensated by substantial declines in spillway
releases. The mean yearly energy production of the Basoren HPP is determined, in turn, to be
7.9%, 5.5%, and 5.3% less than the historical average for the corresponding periods. Additionally,
the mean annual amounts of water discharged through the spillway in these periods decline by
25.6%, 24.4%, and 24.0%, respectively. While the mean annual amount of spillway release for the
spring seasons of the historical analysis period is 104.70 hm?, this amount decreases to 69.12,
65.44, and 63.05 hm® for the periods of 2025-2049, 2050-2074, and 2075-2099, respectively.
Furthermore, during these periods, it is observed that 33.5%, 35.8%, and 35.8% of the
environmental water demand for the autumn months could not be met, respectively. For the SSP5-
8.5 scenario, the decrease rates for the mean annual energy productions over the 2025-2049, 2050-
2074, and 2075-2099 periods are determined as 5.8%, 8.0%, and 17.3%, respectively. In
comparison, the mean yearly streamflow rates for the corresponding time frames decrease, in turn,
by 9.4%, 11.9%, and 22.8% (Table 4). Similar to the projections under the SSP2-4.5 scenario,
significant decreases of 24.0%, 33.3%, and 43.8% are observed in the mean annual spilled water
amounts for these periods, respectively. The gradual reduction in the spring spillway releases
reaches up to 69.2% in the 2075-2099 period. For the spring months of this period, the spillway is
projected to operate for only 8 days per year on average. Moreover, the environmental water
deficiency for the autumn months is expected to increase by 34.1%, 36.5%, and 42.2% in these

future periods, respectively. Regardless of the SSP scenario considered, it is evident that the
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anticipated financial gains from the Basoren Project, designed based on historical streamflow

records [49], could not be realized in the face of shifting climate conditions over the basin.

Table 5. Comparisons of the median operation projections for the Basoren Project

Climate scenario HEXP SSP2-4.5 SSP5-8.5
Analysis period 1988- 2025- 2050- 2075- 2025- 2050- 2075-
2009 2049 2074 2099 2049 2074 2099
Autumn 2.20 2.08 2.00 1.96 2.06 1.97 1.79
Produced energy Winter 6.8 7.15 8.07 8.48 7.34 8.43 9.12
(GWh/year) Spring  13.51 11.87 11.75 11.33 12.18 10.88 8.25
Summer 3.70 3.14 3.02 3.12 3.19 2.92 2.59
Annual 26.29 24.23 24.84 24.89 24.77 24.19 21.75
Autumn  32.53 30.50 29.34 28.77 30.35 28.86 26.41
Power release Winter 10093 10479 11801 12387 10742 12317  132.99
(hm®/year) Spring 197.16 173.12 171.30 165.31 177.72 158.66 120.48
Summer  54.93 46.51 44.94 46.20 47.29 43.24 38.30
Annual  385.55 354.93 363.58 364.15 362.78 353.93 318.18
Autumn 6.69 9.68 10.16 11.53 11.18 10.93 11.33
Spillway release Winter  5.34 809 1266  13.96 922 1502  22.08
(hm®/year) Spring 104.70 69.12 65.44 63.05 68.35 51.62 32.27
Summer 0.05 0.00 0.04 0.25 0.03 0.37 0.00
Annual  116.79 86.90 88.29 88.79 88.79 77.95 65.68
Autumn 2 2 2 2 2 2
Spillway release Winter 2 3 3 5 2 5 6
(day/year) Spring 32 22 20 19 22 16 8
Summer 0 0 0 0 0 0 0
Annual 36 27 25 26 26 23 16
Autumn 4.26 3.66 3.53 3.53 3.62 3.49 3.18
Winter 12.59 12.58 12.58 12.58 12.58 12.58 12.58
gl‘r’;l;g‘;‘;e)r release Spring  45.45 45.50 45.59 45.62 45.55 45.63 45.22
Summer 6.12 6.12 6.12 6.12 6.12 6.12 6.12
Annual 68.42 67.86 67.82 67.85 67.87 67.82 67.10
Autumn 22.5 33.5 35.8 35.8 34.1 36.5 42.2
Environmental water  Winter 0.0 0.0 0.0 0.0 0.0 0.0 0.0
deficiency Spring 0.7 0.6 0.4 0.3 0.5 0.3 1.2
(%) Summer 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Annual 2.2 3.0 3.1 3.0 3.0 3.1 4.1

5. CONCLUSIONS

This assessment explores how climate change alters the hydropower production of a run-of-river
type plant located in the most vulnerable highlands region of the ETRB, focusing on the Basoren
Weir and HPP Project. Future energy projections of this assessment rely on the inflow time series

derived from the SWAT runs. These runs are performed with the bias-adjusted precipitation and
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temperature simulations from the 24 GCMs under the reference HEXP scenario and the moderate-
and high-end future development scenarios of SSP2-4.5 and SSP5-8.5. By evaluating the energy
production capacity from 1988 to 2009 as the benchmark scenario, the study seeks to determine
whether the Basoren Project, designed using historical runoff records, can meet the expected
hydropower production in the periods of 2025-2049, 2050-2074, and 2075-2099. To address the
uncertainty stemming from varying projections of GCMs and, hence, inflow time series, this study
adopts a strategy wherein the median values of the operational results for the climate projections
from each GCM are considered in quantifying the potential future changes in the energy
production capacity of the Basoren HPP. The results reveal potential decreases of 7.9%, 5.5%, and
5.3% under the SSP2-4.5 scenario, and 5.8%, 8.0%, and 17.3% under the SSP5-8.5 scenario in the
mean annual energy output of the Basoren HPP for the periods of 2025-2049, 2050-2074, and
2075-2099, respectively. Although the projected decreases in the amount of spillway release are
expected to partially mitigate the impacts of decreasing streamflow rates on energy production
over these three future periods, it is clear that the anticipated shift in the hydrologic regime from
snow-dominated to rain-dominated, as noted in other studies [47,48], necessitates re-optimizing
the installed power capacities of the plants in the ETRB to sustain the appropriate use of the basin's
hydropower potential. For future studies aimed at designing plant units under changing climate
impacts, it is highly recommended to utilize climate projections derived from CMIP6-based
RCMs, which are poised to become widely accessible in the forthcoming years, to provide more
detailed and region-specific projections of climate variables, enabling more accurate and effective

adaptation and mitigation strategies.
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