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ABSTRACT ARTICLE HISTORY

In this study, using a Geographical Information System (GIS) based model Received 21 June 2022
method, locations having theoretical hydroelectric energy potential were Accepted 8 October 2022
identified in the Buyuk Menderes basin, one of Turkey’s largest basins.

According to the installed power potential on the examined basin, 33 Biiyik Menderes Basin;
sites below 10 MW, 57 sites between 10 and 50 MW, 4 sites between 50 hvd tential:

8 ydropower potential;
and 100 MW, and 1 site over 100 MW were found as a consequence of  Geographical Information
the study. While the theoretical hydroelectric energy potential in the System; water; energy
whole basin is 886.55 MW at 70% turbine efficiency, the installed power
in the basin is currently 302.02 MW. According to these results, only
34.07% of the total hydro potential in the basin is used today.

KEYWORDS

1. Introduction

The energy sector has a significant impact on the economic, social, technological, and environ-
mental development of countries and regions (Hosseini et al. 2022). With the increase in the energy
demand, the energy sector’s role is also increasing.

While the energy supply was 230 EJ in 1971, this figure reached 606 EJ in 2020 (World Energy
Balances: Overview 2021). This has emerged as a result of continued population growth and indus-
trialisation (Marks-Bielska et al. 2020). Urbanisation has also contributed to the increase in energy
demand (Xu et al. 2018). And this increase is expected to continue in the coming years. According
to the International Energy Agency (IEA), energy demand is projected to increase at an annual rate
of 1.3% between 2020 and 2030, reaching 670 EJ in 2030 (World Energy Outlook 2021 2021).

Considering electrical energy, while 6,131 TWh of energy was produced in 1973, 26,936 TWh of
electrical energy was produced in 2019 (Key World Energy Statistics 2021 2021). This shows that
the increase in electrical energy supply is much higher than the increase in the general energy
supply. To fight climate change, the increasing energy supply must be met with renewable energy
sources because the energy sector is one of the sectors that contributes the most to carbon emissions
(Brini 2021; Suman 2021; Kang et al. 2020; Wang et al. 2018). Different studies have been carried
out to reduce the energy supply, which is an alternative solution to the global warming problem
contributed by the energy sector (Brugger et al. 2021; Sorrell 2015).

Hydropower, which is one of the renewable energy sources, has a great responsibility to meet the
demands of the increasing population and fight the problem of climate change (Zhang et al. 2018;
Zhang et al. 2015). In this context, investments in hydroelectric power plants continue throughout
the world (Almeida et al. 2022; Zarfl et al. 2015). Figure 1 shows the installed power of hydropower
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plants in the world and Turkey between 2016 and 2020 (Publications. International Hydropower
Association).

In Figure 1, both in Turkey and around the world, the installed power of hydropower plants is
increasing due to the increase in their number. Considering the year 2020, Turkey, which ranks first
in Europe with 2.480 MW, made the biggest contribution to the installed power after China
(Hydropower Status Report 2021).

Hydropower plants are classified in terms of their installed power capacities. However, this
classification differs from country to country. For example, facilities smaller than 50 MW in
terms of installed capacity are considered small hydropower plants (SHPs) in China and Canada,
while facilities with an installed capacity of 5-100 MW in the US are considered SHPs (Zhang
et al. 2020; Arthur et al. 2020). In the World Small Hydropower Development Report
(WSHDR), published by the United Nations Industrial Development Organization (UNIDO)
and the International Center on Small Hydro Power (ICSHP), facilities with an installed capacity
of less than 10 MW are classified as SHP, and this is taken as a reference in the statistics shared.
SHPs, which are a class of hydropower plants, play an important role in many rural areas, although
they constitute 7.5% of the total hydropower capacity. SPHs are very suitable both in terms of cost
and applicability, especially in rural areas where energy demand is low (Liu et al. 2019). Although
SHPs produce less electricity than large hydropower plants (LHPs), they have advantages in terms
of operating on small rivers and application diversity (Couto and Olden 2018). At the same time,
the environmental effects of SHPs are less than LHPs. A study suggested that the four SHPs exam-
ined in Spain did not cause significant changes in the physical and chemical properties of water
(Alvarez et al. 2020). Considering these advantages, SHPs, which are renewable energy sources,
play a major role in the fight against climate change.

Since the hydroelectric potential in the basin has not been determined before, the gap in the
study area on this subject will be filled with this study. In this study, the potential of hydropower
plants will be investigated in the Biiyiik Menderes Basin, which is one of Turkey’s 25 river basins
(Official Water Resources Statistics for 2020). The hydropower plants to be determined with the
help of the Geographic Information System (GIS) will be compared with the existing hydropower
plants, and the accuracy of the results obtained from the GIS will be examined. At the same time, the
hydropower plant sites that can be built will be determined. Thus, this study will contribute to the
planners by setting an example for future hydropower plants in the basin.
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Figure 1. Total installed capacity of hydropower plants in Turkey and the world.
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2. Material and methods
2.1. Material

2.1.1 Study area

Biiyiitk Menderes Basin is located between 37° 6'-38° 55" north latitudes and 27°—30° 36 east longi-
tudes in the Aegean Region. The basin is one of Turkey’s 25 river basins. With a surface area of
25,960 km?, it is Turkey’s 8th largest basin in terms of surface area (Official Water Resources Stat-
istics for 2020). Denizli, Aydin, Afyonkarahisar, and Mugla provinces constitute approximately
83.5% of the basin (Biiyiik Menderes Basin Protection Action Plan Report). The longest river in
the basin is the Biiylik Menderes River, with a length of 581,091 km (Preparation of Watershed Pro-
tection Action Plans). The annual average flow in the basin is 3,047 km’. While the groundwater
recharge of the basin is 1,045.4 hm’/year, the groundwater operating reserve is 761.5 hm*/year
(Official Water Resources Statistics for 2020; Official Water Resources Statistics for 2020). The
Bityitk Menderes Basin is divided into ten sub-basins: Banaz Stream Basin, Kiifi Stream Basin, Ad1-
giizel Dam, Buldan Buharkent Basin, Ciiriiksu Basin, Dandalas Basin, Ak¢ay Basin, Cine Sub-Basin,
and Aydin Soke Basin. The location of the Biiyitk Menderes Basin, which is being examined as a
study area, in Turkey is shown in Figure 2.

2.1.2. Data collection

In this study, digital elevation model (DEM) of the study area and rainfall data were needed to deter-
mine the hydropower plants in the study area. DEM of the study area is derived from USGS Shuttle
Radar Topography Mission (SRTM) elevation data and has a resolution of 30 m with absolute vertical
height accuracy of less than 16 m. The basin boundaries and the stream networks belonging to the
basin are given in Figure 3 together with the DEM. The rainfall data for the study area were taken
from General Directorate of State Meteorology Affairs. There are 14 rainfall gauging stations in
the study area, and the data at these stations were obtained monthly.

2.2. Methods

Spatial analyses in this study were performed with ArcGIS 10.3 software, and the flow chart of the
method applied in the study is given in Figure 4. The method is limited to revealing the theoretical
hydroelectric energy potential in a study area. Realisable potential can be revealed through field
research. First, the fill tool was used to eliminate minor defects in the DEM of the study area.
Then, the flow direction of each cell was determined with the flow direction tool. The output raster
obtained as a result of the flow direction analysis was entered as the input raster in the flow accumu-
lation tool, and the raster of the flow accumulation was obtained as the output. The term ‘flow
accumulation’ describes how much water has theoretically accumulated in particular pixel cells
of the land. When calculating the flow accumulation of a cell, each cell flowing into it is taken
into account.

When calculating the water mass in the cell, the flow accumulation value of the cell, the rainfall
depth at the cell location, the cell area, and the density of water are multiplied (Eq. 1). Eq. 1 serves to
calculate the mass expression in the potential energy equation given in Eq. 3.

mi=f-h-Ac-p (1)

The parameters in these equations are,
m;: mass of water in the cell (kg),

f: flow accumulation of the cell,

h,: rainfall depth in the cell (m),

Ac: cell area (m?),

p: water density (kg/m”).
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Figure 2. The location of the Biiylik Menderes Basin in Turkey.

In this study, since each cell has the same dimensions (100 m x 100 m), the flow accumulations
and rainfall depths of the cells are variable while the cell areas are constant. The rainfall depths
values of the cells were determined by interpolating the values obtained from 14 rainfall gauging
stations (Figure 5). Interpolation was carried out with the IDW (inverse distance weighted)
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Figure 3. DEM and river networks of the Biiylik Menderes Basin.
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Figure 4. Flowchart of the method used in the study.

interpolation method. In this method, unknown point values are calculated depending on the dis-
tance between the known point and the unknown point. The formula used in interpolation is given
in Eq. (2) (Lloyd 2007).

Z?:l Z(Xi) ) dlBr

Z(xo) = ST d )

The parameters in these equations are,

z(Xo): rainfall depth at an unknown point (mm),

z(x;): rainfall depth at a known point (mm),

r: exponent that determines the weight assigned to the observations,

d: distance between points xi and x4 (m)

After calculating the water masses in each cell (pixel) on the river networks, the required head
heights to generate electricity in hydropower plants are calculated. The focal statistics tool in Arc-
GIS software was used for this process. The raw DEM of the study area is entered into the focal
statistics tool as input. At the end of this process, each cell in the raster data given as output is cal-
culated as a function of the values of the neighbouring cells of that cell at a certain distance. The
values of neighbouring cells, including the processing cell, are taken into account when calculating
neighbourhood statistics. In this way, the minimum neighbourhood value, which is the maximum
head between two cells, is calculated. After calculating the water masses and head heights of the
cells, the potential energies are calculated in the final step. The equation used in the calculation
of potential energies is given below (Eq. 3).

E=m-g-h (3)

E: potential energy (]),

m: mass of water (kg)

g: acceleration of gravity (m/s’)
h: head (m)
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Figure 5. Rainfall depth map of Biyiik Menderes Basin.

The unit of energy calculated in the equation is the Joule, so the calculation factor is used to con-
vert the energy into kWh and MWh (1/3.6%10"2).

3. Results and discussions
3.1. Rainfall depths

The data obtained from the 14 rainfall gauging stations in the study area were interpolated accord-
ing to the IDW interpolation method described in the method section. The rainfall depth map
obtained as a result of interpolation is given in Figure 5.

According to the data obtained from the rainfall gauging stations within the borders of the basin,
the annual rainfall depth in the basin varies between 1166 mm and 415 mm. The rainfall depth in
the southern parts of the basin is higher than in the other parts. The average rainfall depth in the
basin is approximately 600 mm.

3.2. Flow accumulation

The accumulated flow of all cells flowing into each downslope cell was calculated using the flow
accumulation function [Figure 6). The flow accumulation in the investigated region ranged from
0 to 150,658. After computing the flow accumulation raster, this layer is multiplied by the area
of a pixel (100 m x 100 m) and the rainfall map layer to calculate the discharge capacity of the basin.

On a pixel basis, discharge capacity refers to the maximum volume of water that can pass
through a stream. Ibrahim et al. (2015) measured the water level at six points on the Aqra River,
Lebanon and calculated the discharge capacity of the stream based on these measurements. How-
ever, in this study, a precipitation map prepared with precipitation measurement data based on
many years was used. A more realistic and holistic approach has been put forward.
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3.3. Theoretical hydropower potentials

As a result of the analyses made in the study, a total of 95 sites were determined in the Biiyiik Men-
deres Basin, varying in terms of their installed power. The locations of the identified hydropower
potential sites in the basin are shown in Figure 7.

The classification of hydropower potential sites shown on the map in terms of installed power is
given in Table 1. In the classification of hydropower facilities in terms of installed power, although
most countries accept facilities smaller than 10 MW as SHPs, this classification differs according to
countries and organisations (Ptak et al. 2022). The capacity of 50 MW, which is the upper limit for
small hydropower plants in Turkey, was determined as the classification criterion in this study
(Capik et al. 2012).

According to Table 1, in terms of installed power in the basin, 33 hydropower plants smaller than
10 MW (Mini Hydropower Plants), 57 hydropower plants between 10-50 MW (SHPs), 4 hydro-
power plants between 50-100 MW (Medium Hydropower Plants), and 1 hydropower plant larger
than 100 MW (LHPs) have been theoretically determined. SHPs account for 60% of the determined
hydropower potentials. When the turbine efficiency is accepted as 70% for a total of 95 facilities,
calculated theoretically, the total installed power of these facilities is 886.55 MW. The total installed
power of the hydropower plants operating in the basin is 302.02 MW. The total installed power of
the existing facilities constitutes approximately 34.07% of the theoretically calculated installed
power. However, considering factors such as environmental, social, and cost, it may not be possible
to construct all the hydropower plants determined theoretically. Therefore, it should be noted that
environmental conditions and other effects are ignored in this study.

At the same time, Adigiizel and Kemer Dams, which are currently in operation in the basin,
overlap with the theoretically determined sites and show a great similarity in terms of installed
power (Figure 8.). If the turbine efficiency, which is accepted as 100% in the theoretical calculations,
is accepted in the range of 70%—80%, the existing installed capacities of Adigiizel and Kemer Dams
are also compatible with the installed capacities obtained by the theoretical calculations. As a result
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Figure 6. Flow accumulation map of the Biiyiik Menderes Basin.
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Figure 7. Potential hydropower sites in the Biiylik Menderes Basin.

of the analysis, the theoretical potentials of Adigiizel and Kemer Dams were found as 80 MW and 69
MW, respectively. These amounts are, in fact, 62 and 48 MW, respectively. When the turbine
efficiency is assumed to be approximately 78% in the Adigiizel dam and approximately 70% in
the Kemer dam, the installed power of these two plants in operation is obtained.

Turbine efficiency, which also depends on the turbine configuration, discharge, and head, is
the turbine’s ability to transform mechanical energy into electrical energy (Daadaa et al
2021). Although turbine efficiencies may vary in practice, many studies have shown that turbine
efficiency is in the range of 70—80%, especially in plants with low heads (Elbatran et al. 2015;
Okot 2013; Paish 2002). Therefore, the assumption made for turbine efficiency in the study is
a reasonable one.

4, Conclusion and recommendations

GIS provides both time-saving and economic gain in determining suitable sites for hydropower
plants. Based on the results obtained in this study, which overlap with the existing dams in the
basin, it seems that GIS is successful in identifying hydropower potential sites. In addition to the
method used in this study, climatic data such as precipitation and evaporation can be analyzed
in more detail, and theoretical results closer to reality can be obtained. Apart from these, if
potential hydropower areas are selected considering environmental, social, and economic
effects, the results will be even more logical and applicable. This study only revealed the

Table 1. Classification of hydropower potentials in the Blyiik Menderes Basin according to installed capacity.

Hydropower Plant Classes Installed Power Potential (MW) Number of Sites
Mini <10 33
Small 10-50 57
Medium 50-100 4

Large >100 1
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Figure 8. Comparison of the installed power of Kemer and Adigiizel Dams in operation with the analysis results.

determination of suitable hydropower potential sites by theoretical calculations. Along with
many studies in this area in different regions, this study will serve as an example for researchers
and planners to have a comprehensive idea of the potential sites in the study area (Tian et al.
2020; Sammartano et al. 2019; Zaidi and Khan 2018; Bayazit et al. 2017; Kayastha et al. 2018).

A study examined the installed power and annual production of hydropower plants operating in
the Bityiik Menderes Basin. According to the results of the study, considering the electricity pro-
duction between 2010-2019, it is stated that the basin has an installed power of 302.02 MW, and
an average of 68% of the total installed power was put into service between these years. Between
these years, the maximum production in the basin was 92.97%, while the minimum production
was 43.09%, according to the installed power (Kog 2022). The 70% turbine efficiency, which is
accepted in the theoretical calculations in this study, is a realistic assumption considering that
the average efficiency in the basin is 68%.

Similar to this study, the theoretical potential hydropower facilities and the installed capacity of
these facilities were determined with the help of GIS in the Ayung Basin and compared with the
existing hydropower plants (Farid et al. 2021). In another similar study, in addition to the method
in this study, the analytical hierarchy process (AHP) was used as a selection tool in the selection of
potential sites in Nigeria (Odiji et al. 2021). Although theoretical calculations have been made for
the determination of hydropower potential areas with the help of GIS in different studies, compari-
sons with existing hydropower plants have not been made, as was done in this study (Zaidi and
Khan 2018; Fasipe et al. 2021; Setiawan 2015). In another study, theoretically, the locations and
installed capacities of hydropower plants were calculated, but instead of comparing with existing
facilities, a different approach was shown by making calculations on the discharge obtained by
the correlation between the observed discharge and the estimated discharge in the river basin in
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Nigeria. At the same time, the costs of potential facilities were also calculated in the study (Fasipe
and Izinyon 2021).

Hydropower plants are of great importance in terms of climate change, which is one of the lead-
ing problems and issues globally. Therefore, it is necessary to increase the number of these facilities
and, while doing this, by developing these facilities, both to increase efficiency and reduce their
effects. To serve this purpose, many studies, including this study, have been carried out (Liszka
et al,, 2022; Zahedi et al., 2022; Pragana et al., 2017). In this study, the method used to investigate
the theoretical hydropower potential with the Geographical Information System is explained in
detail and will thus be a helpful resource for future researchers. In addition, future researchers
can calculate how much of the theoretical hydropower potential in the basin can be used in practice,
considering the environmental and social effects that are ignored in this study. At the same time,
this study will contribute to the literature on Geographical Information System applications and
renewable energy. A sustainable future will be possible with the increase in the number of these
and similar studies, their implementation, and the awareness of people.
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