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1. Introduction

Abstract

Site selection for Wind Power Plants (WPPs) is crucial in the planning process, considering
economic, social, and environmental features, and national legislation. This study aims to
examine the topographical features affecting WPPs distribution in Tiirkiye. Google Earth Pro
tools were used and RES inventory for Tiirkiye was prepared. The data were correlated with
factor maps used to describe topographic features such as elevation, slope, aspect, topographic
relief, and landforms. This relationship was analyzed using the Random Forest (RF) technique,
one of the Machine Learning (ML) models, and the importance percentages of each factor were
determined. Factor maps were produced using Geographic Information Systems (GIS)
techniques with a 30 m resolution Digital Elevation Model (DEM). The results revealed that in
Tiirkiye, WPPs site selection favors areas with elevations of 250-500 m, slopes of 10-20%,
west, and southeast aspects, topographic relief of 0-50 m, and sloped landforms. Elevation was
identified as the most significant topographical feature (24.80%). These findings emphasize
the importance for decision-makers to consider topographical features in WPPs planning. The
study provides valuable insights and recommendations for assessing suitable areas for WPPs
installation, contributing to the most economical utilization of Tirkiye's wind energy
potential.

selected on the basis of extensive literature research and
expert opinions [9-10], are generally divided into three

Site selection for the installation of wind power plants
(WPPs) is essential for planning processes that are based
on various economic, social, and environmental features
and national legislation [1]. The installation of WPPs in
suitable areas not only increases the amount of energy
production [2] but also directly affects factors such as
efficiency, safety, and accessibility [3]. Therefore, it is
essential to choose a suitable location for the installation
of WPPs to increase energy, economic, and
environmental efficiency [4].

Both the methods used and the features considered
have a significant effect on the selection of the location
for the installation of WPPs [5]. However, some criteria
that support or restrict the potential of WPP installation
generally play a guiding role in the results obtained [6].
To minimize environmental risk, reduce opposition from
local stakeholders and provide economic benefits, these
criteria should be identified as priorities in site selection
for WPP installation [7-8]. These criteria, which are

categories: technical, economic, and socioenvironmental
[11].

The site selection of a location for installing a WPP is
highly dependent on factors such as the wind speed, wind
direction, and topography [4]. Wind speed is the most
critical factor that directly affects the energy generation
potential. Wind direction is an important criterion for
WPP siting and efficiency [12]. Topography significantly
affects the distribution of wind power by controlling the
wind speed and direction [13]. Topographical features
are indispensable features affecting both the distribution
of WPPs and the installation potential of WPPs [4, 14].
These features directly or indirectly affect the wind
speed and capacity [15]. It usually includes elevation,
slope, aspect, topographic relief, and landform features
of the topography [16]. Therefore, many researchers
have analyzed the effects of topographic features on the
distribution and location of wind farms under
topographic or orographic factors [4].
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Tiirkiye, owing to its favorable geographical location,
is a renewable energy source (RES) country in both
actual and potential terms [14]. Recently, many
geographic information system (GIS)-based WPP siting
studies have been conducted in Turkey via various
methods. For example, TOPSIS [14], innovative hybrid
site selection [16], the ordinal weighted average (OWA)
and reference ideal [17], data envelopment analysis and
TOPSIS [18], the analytic hierarchy process (AHS) and
stochastic multicriteria acceptability analysis (SMAA)
[19] have recently been applied in Tiirkiye. Furthermore,
numerous geographic information system (GIS)-based
site selection studies have been conducted using
methods such as ARIMA and time series analysis [20] and
intuitionistic fuzzy TOPSIS [21], fuzzy AHS and fuzzy
DEMATEL [22] and AHS [23-25].

In recent scientific studies, either the development
potential of wind energy in Tiirkiye has been evaluated
[26], the wind energy potential and utilization of wind
energy systems in Tiirkiye has been examined [27], or
the distribution of WPPs in Tiirkiye has been analyzed
from a geographical perspective [28]. However, in none
of these studies has the distribution of existing WPPs
been considered within the scope of topographic features
and has been used only for comparison or control
purposes. Therefore, there is still a large gap in the
literature on the topographic features affecting the
geographical distribution of existing WPPs in Tiirkiye.

However, to the best of the authors' knowledge, it is
still not clear which topographical features are more
effective in selecting the location for the installation of
WPPs in Tiirkiye. There are no specific features used in a
standardized way in the literature [4, 29]. This situation
creates confusion about which features should be taken
into account in the selection of the location for the
installation of WPPs. Machine learning (ML) models,
which are widely used in various fields and are a popular
trend today, are preferred for solving similar problems
[30]. ML models are used to recognize patterns and make
predictions on the basis of data [31]. In this study, the
random forest (RF) technique, an ML model, is preferred.
RF is a widely used learning algorithm for both
classification and regression problems [32-34]. Thus, the
effect of the independent variables (topographic
features) on the dependent variable (WPPs) was
measured.

This study aims to address the topographical
characteristics affecting the existing WPP distribution in
Tiirkiye. For this purpose, the features of elevation, slope,
aspect, topographic relief, and landforms that affect the
geographical distribution of existing WPPs were
evaluated both within and among themselves. Therefore,
the impact of topographical features on site selection for
existing WPP installations in Tiirkiye has been revealed.
The specific purpose of this study is to determine which
topographic features are more effective in selecting the
location for the installation of WPPs in Tiirkiye. This is
important for the most economical utilization of the WPP
potential of Tiirkiye and the most accurate identification
of potential resource areas. In addition, this study reveals
the necessity of a planning approach that includes GIS

and machine learning analyses in site selection for WPP
installation. In this context, our study emphasizes the
need for detailed and data-driven methodologies to
increase the efficiency and effectiveness of WPP projects
and contribute to a more sustainable and resilient energy
future.

2. Method
2.1. Study area

The study area is Tiirkiye, a prominent developing
country in the world due to its location between Asia and
Europe (Figure 1). In countries where energy demand is
high due to economic development and rapid population
growth, a significant portion of electricity is generated by
nonrenewable energy sources (fossil fuels). However,
owing to the inadequacy and limitations of domestic
fossil fuels in meeting these needs, Turkiye has
experienced energy crises during some periods [35].
Therefore, it is important to explore renewable energy
sources to reduce external dependency in the energy
market, meet energy needs and prevent energy crises
[16].

Tiirkiye is one of the leading countries in terms of
renewable energy potential and renewable energy
resource diversity [8]. Owing to the geographical
location of the country, wind energy has promising
potential among all renewable energy sources [27].
According to the data provided by the Turkish General
Directorate of Meteorology (MGM), the annual average
wind speed and power density in the study area are
sufficient to install WPPs [35]. Indeed, it has been
reported that the annual average wind speed in the study
area is 2.58 m/s, and the power density is 25.82 W/m?
[27]. When the distribution map of WPP density in the
study area is examined, this situation can be understood
very clearly (Figure 2). In this respect, a significant part
of Tirkiye, especially the western parts, is highly
favorable for the installation of both existing and
potential WPPs (Figure 2). Therefore, the distribution
and site selection of both existing and potential WPPs are
among the priority issues that need to be investigated
carefully.

2.2. Method

In the first stage of the study, the coordinates of the
WPP facilities whose license status is in force were
requested from the Energy Market Regulatory Authority
(EMRA) of the Republic of Tiirkiye in an official letter.
Upon this request, the data shared by the relevant
institution through the system [36] were first converted
into a Microsoft Excel file and organized (Figure 3). These
data were then converted into keyhole markup language
(KML) files and spatially corrected via remote sensing
(RS). For this process, free high-resolution satellite
imagery accessed through Google Earth Pro was used
[37]. This saves time for data collection, especially in
hard-to-reach areas such as mountainous areas [38].
These data were then converted into a shapefile (.shp)
file format that can be uploaded to GIS software [39], and

340



International Journal of Engineering and Geosciences, 2025, 10(3), 339-351

an inventory of existing WPPs was created. Thus, 3980
WPPs were identified in Tiirkiye (Figure 3).
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Figure 2. Distribution map of WPPs density in the study area

In the second stage of the study, the inventory data
were correlated with different factors used to explain
topographic features, including elevation, slope, aspect,
topographic relief, and landforms (Figure 3). Maps of
elevation, slope, aspect, and topographic relief factors
were produced with 30 m resolution FABDEM V1-2
(Forest and Buildings removed Copernicus DEM) [40].
FABDEM data are more advantageous in regional studies
on the topographic features of Tiirkiye and yield results

similar to those of high-resolution LiDAR data [41]. Only
the landform map was obtained by revising the macro
landform map of Tiirkiye produced by Goriim [42], with
some analysis using DEM data.

The association of the inventory data in the study
with factor maps and the visualization of these
relationships with thematic maps were carried out via
GIS techniques [43-46]. Both the rapid and effective
evaluation of complex data on the distribution and
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location selection of both existing and potential WPP
areas and the determination of environmentally and

economically suitable areas are largely carried out with
GIS techniques [47-49].

Topographical features affecting the distribution of wind power plants (WPPs) in
Tiirkive
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Figure 3. Flowchart showing the main stages of the study

Table 1. Data and data sources used in this study

No Raw data Produced data References
WPPs with license  Information of
1 status in force WPPs locations [36,37]
Elevation map
Slope map
FABDEM
2 (Resolution: 30 m) Aspect map [40]
Topographic
relief map
3 Macro landforms Landforms map [42]

map of Tiirkiye

In the last stage, the impact of topographical features
on site selection for WPP installation was investigated
via the RF technique, one of the most advanced ML
models for analyzing high-dimensional complex data
[38]. In this study, RF is used for regression. For this
purpose, a series of bootstrap samples were performed
from the dataset, and data diversity was ensured. To
improve model generalizability, random feature subsets
were selected and trained, and multiple decision trees
were generated. On the basis of the outputs of the
decision trees, the average prediction of the individual
trees was extracted. In this way, the importance levels of
the independent variables were determined [50].
Consequently, the effects of topographical features on

=

Relating to different factors used to explain topographic

site selection for the installation of WPPs in the study
area were analyzed. RF was implemented via forest-
based classification and regression tools in the ArcGIS
Pro Spatial Analyst extension. Since the range of values of
the hyperparameters in the RF algorithm differs for each
dataset, they are based on default settings that perform
reasonably well across all models in the model library
[32]. The analyses and thematic maps in the study were
made based on GIS. Because GIS is important for
collecting and processing geographical data of objects
[51-55]. For this purpose, ArcGIS Pro (Version 3.0.1), a
widely used GIS software, was preferred (Figure 2).

3. Results

In addition to favorable wind speed and power
density, areas with favorable topographical features are
preferable in the selection of locations for the installation
of WPPs [28]. This is because topographical features
have three important effects on the wind speed and
power density: roughness, orographic and screening
effects [56]. Therefore, the effects of topographical
features, including elevation, slope, aspect, topographic
relief, and landforms [57-58], were evaluated in the site
selection for the existing WPPs installed in the study
area.
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3.1. Elevation

Elevation is an important factor in choosing a location
for WPP installation. As the altitude increases, the
installation of WPPs becomes more problematic. This is
because the air density decreases at high altitudes, which
leads to a decrease in the efficiency of the turbines [4]. In
addition, an increase in elevation leads to increased
construction costs, energy transfer and equipment
transportation difficulties [60]. In the study area, there
are WPPs with a minimum altitude of 6 m and a
maximum altitude of 3233 m. However, the highest
number of WPPs in terms of quantity is found between
the 250-500 m (23.59%) elevation levels (Table 2). This
is followed by 0-250 m (16.31%), 500-750 m (15.43%),
750-1000 m (11.93%), 1500-1750 m (10.83%), 1250-
1500 m (9.62%), 1000-1250 m (7.14%) and 1750-> m
(5.15%) elevation levels (Table 2; Figure 4).

Table 2. Distribution number and ratio of WPPs by
elevation in the study area

Elevation (m) Number Ratio
0-250 649 16.31
250-500 939 23.59
500-750 614 15.43
750-1000 475 11.93
1000-1250 284 7.14
1250-1500 383 9.62
1500-1750 431 10.83
1750-> 205 5.15

TOTAL 3980 100.00

3.2. Slope

Slope is another important factor in selecting a
location for the installation of a WPP [61]. This factor,
which affects both wind speed and transportation,
construction and maintenance costs, can increase wind
speed by creating a venturi effect [7, 62]. Therefore, it has
been reported that sites with slopes greater than 20%
are not suitable for WPP installation [63]. The existing
WPPs in the study area are located between 0-46%
slope. However, most WPPs are located in the slope class
of 10-20% (33.99%) (Table 3). This is followed by the 5-
10% (28.89%), 2-5% (16.66%), 20-40% (14.60%), 1-2%
(3.79%), 0-1% (1.51%) and 40%-> (0.55%) slope classes
(Table 3; Figure 5).

Table 3. Distribution number and ratio of WPPs by slope
in the study area

Slope (%) Number Ratio
0-1 60 1.51
1-2 151 3.79
2-5 663 16.66
5-10 1150 28.89
10-20 1353 33.99
20-40 581 14.60
40-> 22 0.55
TOTAL 3980 100.00

LEGEND . wpPs
(m)

Altitude 0250  250-500 500750 750-1000 1000-1250 1250-1500 1500-1750 1750-> 0 180

Figure 4. Distribution map of WPPs by elevation in the study area
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Figure 5. Distribution map of WPPs by slope in the study area

3.3. Aspect

Aspect is another effective factor in site selection for
WPP installation [46]. The effect of this factor, which
refers to the position of any location concerning the sun
and is also defined as geographical direction/orientation
or land orientation [4], increases the potential for WPP
installation, especially on slopes facing the prevailing
wind direction [64]. The existing WPPs in the study area
were mostly installed on lands facing east (17.79%) and
southeast (17.76%) directions (Table 4). This is followed
by the southern (13.32%), western (11.51%),
northeastern (11.33%), northwestern (11.01%),
southwestern (10.60%), northern (5.65%) and flat
(1.03%) aspects in order of proportion (Table 4; Figure
6).

Table 4. Distribution number and ratio of WPPs by
aspect in the study area

Aspect Number Ratio
Flat 41 1.03
North 225 5.65
Northeast 451 11.33
East 708 17.79
Southeast 707 17.76
South 530 13.32
Southwest 422 10.60
West 458 11.51
Northwest 438 11.01
TOTAL 3980 100.00

3.4. Topographic Relief

Topographic relief, which corresponds to the relative
extent of cleavage of the topography, is considered an
effective factor in site selection for WPP installation [65].
This factor, which is generally defined as ground

roughness or roughness in the relevant literature,
increases the roughness and decreases the wind speed
[4]. The existing WPPs in the study area were installed on
land with a maximum difference of 0-50 m (95.48%)
(Table 5). This is followed by the relative splitting class
0--50 (25.18%) (Table 5; Figure 7).

Table 5. Distribution number and ratio of WPPs by
topographic relief in the study area

Topographic relief (m) Number Ratio
0-50 3800 95.48
50-> 180 4.52

TOTAL 3980 100.00

3.5. Landform

Landforms are another effective factor in selecting a
location for the installation of WPPs in onshore areas
[50]. This is because landforms have a great influence on
the intensity and other characteristics of the wind in a
region [65]. The installation of WPPs in areas where
landforms develop as flat and undulating plains is
common and provides a great advantage in terms of
positively affecting the wind characteristics and cost
[66]. The existing WPPs in the study area are mostly
located on plateaus (77.61%), where surfaces have
developed as undulating lands (Table 6). This is followed
by mountain (16.36%) and plain (6.03%) landforms in
order of proportion (Table 6; Figure 8).

Table 6. Distribution number and ratio of WPPs by
landform type in the study area

Landforms Number Ratio
Plain 240 6.03
Plateau 3089 77.61
Mount 651 16.36
TOTAL 3980 100.00
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Figure 7. Distribution map of WPPs by topographic relief in the study area

4. Discussion

WPP site selection is important for achieving
optimum benefits from electricity generation via wind
energy. Healthy management of this process, which
requires careful and combined analysis of multiple
criteria, is possible by analyzing the factors affecting the
current WPP distribution. For this purpose, various types
of methods based on GIS techniques are used [7]. Thus,
potential areas are more accurately identified and
mapped.

The entire land area of Tiirkiye is not suitable for the
installation of WPPs because of its topographic
characteristics [67]. In this respect, the most suitable
areas are the western (Aegean and Marmara) and
southeastern (eastern Mediterranean and southeastern
Anatolia) parts of Turkiye [15]. Cam et al. [68] reported
that the most attractive locations for WPP installation in
Tiirkiye are the Marmara, Southeast Anatolia and Aegean
regions. Ilkili¢ [27] noted that the best areas for the
installation of WPPs are in the Marmara, Aegean and
Southeast Anatolia regions.
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Figure 8. Distribution map of WPPs by landform type in the study area
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Demir et al. [23] argued that the Marmara,
southeastern Anatolia and Aegean regions are attractive
for the installation of WPPs because of the dominance of
the wind effect over a wider area due to their
topographical characteristics. Therefore, it is very
important to consider Tirkiye's topographical
characteristics when selecting a location for the
installation of WPPs. However, for this purpose, these
characteristics should first be explained according to the
current distribution of WPPs.

According to the legislation in Tiirkiye, areas higher
than 1500 m are not suitable for the installation of WPPs
[69]. This elevation level is a critical threshold in terms
of air density. Since the generation power of WPPs is
directly proportional to the air density, this threshold
directly affects the performance of WPPs and other
atmospheric phenomena [70]. Therefore, it is technically
possible but economically extremely difficult to
construct WPPs above 1500 m. For this reason, there are
very few WPPs above 2000 m in the study area. These are
located in inland areas where the relative altitude is low.
Pinar et al. [28] emphasized that there are almost no
WPPs above 2000 m altitude in Tiirkiye because of
increased installation and maintenance costs and energy
loss in the braking systems of turbines due to high wind
speeds. They also noted that the height of existing WPPs
is high due to the high average elevation in inland regions
in general. The highest number of WPPs in the study area
are located between the 250-500 m elevation levels
(Figure 9). Pinar et al. [28] suggested that the highest
concentration of existing WPPs in Tirkiye occurs
between 250-500 m, which is related to the land use and
wind values on the west coast of the country.

In the study area, only a few WPPs have been
established on slopes below 1% and above 20% (Figure
9). This is because areas below 1% slope correspond to
areas where various types of drainage problems are
common, whereas areas above 20% slope correspond to
areas where cost problems are common. Ifkirne et al.
[71] reported that slopes less than 20% are preferred for
WPP installation to facilitate access to the sites by cranes
and trucks and to reduce installation and maintenance
costs due to turbulence. In this respect, existing WPPs in
the study area are generally concentrated on slopes of
10-20% (Figure 9). Pinar et al. [28] reported that the
existing WPPs in Tirkiye are mostly located on sloping
lands (ridges and hilly areas) with slopes of less than
20%, where the wind potential is high.

The most favorable directions for the installation of
WPPs are the slopes facing the prevailing wind direction.
Therefore, analyzing the parts of the topography facing
the prevailing wind direction is an important attempt to
increase the efficiency of WPP construction [72].
Memduhoglu et al. [73] reported that the wind direction
is one of the most important decision makers affecting
efficiency after the wind speed. The existing WPPs in the
study area were mostly installed on lands facing east
(17.79%) and southeast (17.76%) directions (Figure 9).
Pmar et al. [28] reported that the existing WPPs in
Tiirkiye are located predominantly in the eastern and
southern sectors.

For the installation of existing WPPs in the study area,
plateaus, then mountains and finally plain landforms
were generally preferred (Figure 9). Although the wind
potential in the plateaus in the study area is high, the cost
for the realization of WPP installation and maintenance
activities is low. Pinar et al. [28] emphasized that the
main factor in the fact that plateau surfaces in Tiirkiye
are preferable for the installation of WPPs is that these
areas are not preferred by other sectors in terms of land
use or are less attractive than they are, in addition to the
advantages offered by these areas in terms of wind
characteristics compared with their surroundings. Plains
in the study area are less preferred for WPP installation
since they are generally considered within the scope of
settlement and agricultural activities (Figure 9). Pinar et
al. [28] argued that areas with reduced slopes, which can
be defined as plains in Tiirkiye, are not preferred for WPP
installation since they are used mainly by settlements or
other economic sectors. Although the mountains in the
study area are rugged and prone to extreme weather
conditions, they are preferred over plains because they
have highly efficient wind resources (Figure 9). However,
suitable locations for the installation of WPPs in
mountainous regions generally correspond to plains and
ridges without steep slopes [46]. Pinar et al. [28]
reported that areas with increased slopes and cleavage
degrees, which can be defined as mountains in Tiirkiye,
are not preferred for the installation of WPPs because of
installation and maintenance costs. Therefore, the effects
of landforms on the location selection of WPPs in the
study area are directly observed.

The evaluation of the impact of topographical
features on WPP site selection in the study area via the
RF method revealed that elevation was the most
significant topographical variable (24.80%) (Figure 9).
The other variables, in order from the most important to
the least important, are aspect (22.90%), slope (21.46%),
topographic relief (17.49%) and landform (13.34%)
(Figure 9).

5. Conclusion

The results of the study revealed that in Tiirkiye,
areas with an elevation of 250-500 m, a slope of 10-20%,
an easterly and southeasterly aspect, a topographic relief
of 0-50 m, and topographic features dominated by
plateau landforms are preferred. The elevation factor
was the most important topographic variable (24.80%)
in the selection of the location for WPP installation. As a
result of this study, it is extremely important for decision-
makers to consider topographic features in planning
studies to determine suitable areas for the location of
WPPs in Tiirkiye. Moreover, topographic mapping and
analysis are effective tools in site selection studies for
WPP installation. Therefore, this study provides
information and recommendations that will help those
who will work on the determination of areas suitable for
the installation of WPPs.
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