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ABSTRACT

This study comprehensively evaluates the wind energy potential of the Mediterranean Region of Turkey and
highlights the strategic importance of the area within the context of the country’s renewable energy goals. As global
energy demands continue to rise and the transition to sustainable energy sources becomes more urgent, identifying
and utilizing regional renewable resources is critical. In this regard, the Mediterranean Region stands out with its
favorable geographical and climatic characteristics for wind energy generation. Using data from the Global Wind
Atlas, the study examines the region’s wind speeds and directions across various locations. The analysis reveals that
the annual average wind speeds generally range between 5.5 m/s and 7 m/s. These wind speeds are considered
technically sufficient for wind energy production, especially along the coastline and in high-altitude mountainous
zones where the wind conditions are more stable and intense. The findings suggest that targeted wind energy
projects could significantly contribute to both local economic development and national energy sustainability ef-
forts. In addition to emphasizing the technical viability of the region, the study recommends increasing infrastruc-
ture investments, deploying advanced and regionally appropriate turbine technologies, and fostering collaboration
with local communities to enhance project acceptance and effectiveness. Overall, the research supports the devel-
opment of informed policies and investment strategies aimed at maximizing the region’s wind energy potential. It
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provides a valuable framework for stakeholders interested in leveraging renewable resources to support Turkey’s

long-term energy transition goals.
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1. Introduction

Energy is an indispensable element for the sustain-
able development and economic growth of modern soci-
eties. The environmental impacts of traditional energy
sources, the increase in carbon emissions and the lim-
ited reserves of fossil fuels have made it necessary to re-
evaluate energy production methods worldwide. In this
context, renewable energy sources attract attention by
offering sustainable and environmentally friendly solu-
tions. Among renewable energy sources such as wind
energy, solar, biomass, geothermal and hydroelectric, it
stands out as an option based on clean, economical and
innovative technologies. Turkey has an advantageous ge-
ographical location in terms of renewable energy pro-
duction. Wind energy, in particular, has significant po-
tential in regions where geographical and climatic condi-
tions are favorable[!, The Mediterranean Region has a
strategic importance in Turkey’s renewable energy poli-
cies with its wide coastline, high-altitude mountainous
areas and wind profile effective throughout the year.
The region offers an ideal area for wind energy invest-
ments in terms of both economic development and en-
vironmental sustainability. Increasing energy demand
worldwide requires ensuring energy supply security and
minimizing environmental impacts. Energy production
based on the use of fossil fuels leads to serious prob-
lems such as environmental destruction, climate change
and air pollution!. For this reason, renewable energy
sources offer environmentally friendly alternatives with
low-emission energy production processes. Transform-
ing energy production in Turkey also requires greater
use of renewable energy sources and energy efficiency.
Wind energy is one of the renewable energy sources with
high potential in Turkey. The Mediterranean and Aegean
regions in particular stand out as areas where annual
wind speeds are between 6-8 m/s 3], The wind energy
potential in these regions offers great opportunities to
meet both domestic energy demand and increase energy

exports. The Mediterranean Region is a strategic area
where wind turbines can operate effectively with winds
coming from the sea and high mountain areas. There-
fore, the Mediterranean Region has the capacity to meet
not only Turkey’s but also regional energy needs.

The wind energy potential in the provinces of
Canakkale and Istanbul was examined by Arslan et al.
(2020) 4, The average annual wind speed in Canakkale
is 7.3 m/s and 5.8 m/s in Istanbul. Canakkale is one of
the most efficient wind energy regions in Turkey with
its high wind speed. Annual wind power generation
in Canakkale has been estimated at 2.5 TWh. Aydin
(2009) B! conducted a GIS-based analysis of wind and so-
lar energy potential in Western Turkey. In the regions
recommended for wind energy, annual wind speeds vary
between 5 and 7 m/s. The average daily solar radia-
tion for solar energy is around 4-5 kWh/m?. The solar
energy potential has been calculated as 5 kWh/m?/day.
Badger & Jgrgensen (2011) (%! created the global wind at-
las, which provides a more accurate estimate of wind po-
tential worldwide. At an altitude of 100 m, areas with
wind speeds of 7.5 m/s were determined as the regions
with the highest energy production capacity. The global
wind energy potential is estimated at 50 TWh per an-
num. Badger, J. et al. (2015) 7! determined wind speeds
between 6-8 m/s at a height of 50 m and identified
the most suitable areas for wind turbines in the Global
Wind Energy Atlas projects. Capik et al. (2012)[8] ex-
amined the renewable energy potential in Turkey and
predicted that the country’s wind energy capacity could
reach 30,000 MW. Turkey’s annual solar radiation for
solar energy has been determined as 4-5 kWh/m?/day.
Cetin (2023)°) examined how wind energy resources in
Turkey will be affected by climate change. Current pro-
jections predict a 5-15% increase in wind energy poten-
tial. Durak & Sen (2002) 1% analyzed the wind energy
potential in the Akhisar region. The average annual wind
speed in Akhisar was measured as 5.5 m/s. At this rate,
the efficiency of wind turbines varies between 30-40%.
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Emeksiz & Demirci (2019)*! predicted that Turkey’s
non-offshore wind energy potential could reach an an-
It has been de-

termined that the offshore wind potential is increasing

nual energy production of 50 TWh.

in the Aegean and Mediterranean regions. Geng et al.
(2021)[*2] selected suitable sites for non-offshore wind
energy in Turkey. In the Mediterranean and Aegean Seas,
the wind speed was determined to be between 6-8 m/s.
Gordii et al. (2022)113! studied the efficiency of differ-
ent types of turbines in the Mediterranean region. In re-
gions with an average wind speed of 6.5 m/s, the electric-
ity generation capacity of wind turbines can be up to 2.5
MW. Giingér-Demirci (2015) 14 conducted a map-based
analysis of renewable energy potential in Turkey. The
regions where renewable energy sources are most effi-
cient are the Aegean and the Mediterranean, with wind
speeds ranging from 5-9 m/s in these regions. Ilkilig
(2012) 5] calculated Turkey’s wind energy potential as
48,000 MW. In western coastal regions such as Izmir and
Canakkale, the wind speed is 7-9 m/s. llkili¢ & Tiirk-
bay (2010)[% conducted a site selection analysis for
wind energy potential in Turkey. In western Turkey, the
highest productivity is achieved in the Izmir and Man-
isa regions with a wind speed of 8 m/s. Jahangiri et al.
(2016) (7] suggested wind speeds of 6-8 m/s in stud-
ies for the optimal locations of solar and wind power
plants in the Middle East. Kaplan (2015) 8! stated that
Turkey’s current wind energy capacity is 8,000 MW, and
as of 2020, 10-15% of this capacity can be supplied
by non-offshore wind energy. Kaygusuz (2004) %1 dis-
cussed the role and future of renewable energy sources
in Turkey. It is estimated that renewable sources can
meet 25% of Turkey’s total energy needs. Keles & Bil-
gen (2012)[2%1 emphasized the importance of using re-
newable energy sources in Turkey to combat climate
change and calculated the solar energy potential as 4.5
kWh/m?/day. Michalena et al. (2009)[?!l conducted
a renewable energy analysis for the Mediterranean Is-
lands. The solar energy potential was found to be 4.2
kWh/m?/day and wind energy was found to be between
6-8 m/s. Nassar et al. (2023)[??] created an atlas of
solar and wind energy for Libya. Libya’s solar energy
potential is 5-6 kWh/m?/day and wind energy is 7-9

m/s. Sanchez-del Rey et al. (2022)[23] assessed the

wind energy potential in Spain. Spain’s wind potential
is around 7 m/s, with an annual production of 15 TWh
expected. Soukissian et al. (2017) 24 examined the po-
tential for non-marine renewable energy in the Mediter-
ranean. An annual potential of 3.2 TWh for wind energy
in the Mediterranean Sea has been estimated. Sahin &
Tiirkes (2020) [2°] analyzed Turkey’s wind energy poten-
tial using wind speed maps. The regions with the highest
wind speed are Western Turkey, with speeds between 7-
8 m/s. Tekin et al. (2021)[2°] calculated wind speeds of
6-8 m/s for assessing wind energy potential in the East-
ern Mediterranean region. This region is noted for its
high productivity. Yilmaz et al. (2014)[?7! conducted a
comprehensive study on Turkey’s renewable energy po-
tential. The Yildiz, Mediterranean region, is quite high
in terms of solar energy potential. Zhao et al. (2019) [?8]
created a map of wind energy potential in China. Itis pre-
dicted that the wind energy capacity can reach 200 TWh
with annual speeds of 6-8 m/s. Zhou, M., & Zhang, L.
(2020) 2] conducted an assessment of the wind energy
potential in China. The wind speed in southeast China
is around 7-8 m/s, and the annual output is around 100
TWh.

Turkey’s renewable energy potential is quite high,
especially in terms of wind energy, and the correct eval-
uation of this potential is of great importance in terms
of both environmental sustainability and economic de-
velopment. The Mediterranean Region has suitable ge-
ographical and climatic characteristics for wind energy
investments and plays a strategic role in Turkey’s wind
energy policies. A more effective use of the wind energy
potential of the Mediterranean Region will be an impor-
tant step to increase Turkey’s energy independence and

achieve its sustainable development goals.

2. Methodology

This study examines the wind energy potential of
Turkey’s Mediterranean Region using data derived from
the Global Wind Atlas (GWA), version 3.1, developed by
the Technical University of Denmark (DTU) in collabo-
ration with the World Bank. The analysis focuses on
wind speed and direction data at an altitude of 100 me-

ters above ground level (AGL), which aligns with the hub
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height of standard utility-scale wind turbines.

The data analysis process includes several stages:
organizing and cleaning the raw datasets, extracting
region-specific wind characteristics, and conducting spa-
tial and statistical evaluations. Wind speed distribution,
mean annual wind speeds, and directional patterns were
assessed to identify zones with high generation poten-
tial.

To ensure methodological rigor and reproducibil-
ity, the analysis was carried out using Python program-
ming language, with libraries such as Pandas, NumPy,
Matplotlib, and GeoPandas for data preprocessing, visu-
alization, and spatial analysis. The GWA platform was
used as the primary data source, and its online GIS inter-
face helped refine the spatial boundaries of the Mediter-
ranean Region in Turkey.

What distinguishes this study methodologically is
its integration of high-resolution GWA data with open-

Wind Speed
(m/s)

20

2.2. Wind Speeds and Directions

Annual average wind speeds in the Mediterranean
Region generally vary between 5.5 m/s and 7 m/s. Ob-
servational data from specific locations such as the
Gibraltar-Tangier-Tétouan corridor indicate mean wind

Figure 1. Global Wind Atlas Mean Wind Speed at 100 m Mediterrenian %,

source computational tools to perform a reproducible
Unlike
previous generalized evaluations, this study emphasizes

and region-specific wind energy assessment.

site-specific turbine planning by correlating wind behav-
ior with geographic and topographic conditions, offering
a more actionable framework for regional stakeholders

and energy planners.

2.1. Mediterranean Region Wind Energy
Profile

The Mediterranean Region stands out as a very im-
portant region in terms of Turkey’s wind energy poten-
tial. The wind speeds and directions of the region are fac-
tors that directly affect the energy production capacity.
In particular, high-altitude mountainous areas and wide
coastlines offer favorable conditions for wind power gen-

eration in Figure 1.

50

speeds ranging from approximately 5.2 to 5.5 m/s, with
seasonal peaks (Levante winds) reaching up to 8.7 m/s.
Similarly, climatological analyses show that coastal and
strait regions—including parts of the Aegean and the

Gulf of Lion—exhibit higher average wind speeds, of-
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ten exceeding 6 m/s, while the broader Mediterranean
basin typically experiences annual averages between 5.5
and 7 m/sB3132 These speeds are highly conducive to
wind power generation, as efficient energy production
for wind turbines usually occurs at speeds of 4 m/s and
above. The highest wind speeds in the region are ob-
served especially in settlements and high mountainous
areas on the Mediterranean coast. These areas draw
attention as ideal regions for the efficient operation of
wind turbines.

Wind directions in the region generally blow from
the northeast (Meltem winds), but changes in wind di-
rections can be seen according to local conditions. The
winds on the northern coast of the Mediterranean be-
come more pronounced, especially in summer. These
directional winds offer a significant advantage for wind
energy projects in the region.

2.3. Mountainous Areas and Coastline

The mountainous nature of the Mediterranean Re-
gion is an important factor for wind energy production.
High altitude areas can cause wind to accelerate and cre-
ate stronger wind currents. These mountainous areas
allow installation at suitable heights for wind turbines.
In addition, large areas along the coast are also advanta-
geous for the efficient operation of wind turbines.

The coastline in the area also allows the wind to
constantly change direction and offer variable speeds in
different areas. This allows different wind turbines to
operate more efficiently in different areas.

2.4. Wind Energy Potential and Investment
Opportunities

The wind energy potential of the Mediterranean Re-
gion is at very high levels compared to other regions in
Turkey. Annual wind energy production in the Mediter-
ranean can be an important source of energy under cur-
rent conditions. Wind farms located in the coastal areas
of the Mediterranean offer great opportunities to meet
the increasing energy demand, especially in the summer
months. In addition, wind power projects in mountain-
ous areas can significantly increase the power genera-
tion capacity in the region.

In order to further increase the potential in the re-
gion, it is necessary to increase the investments made
for the installation of wind power plants. In particu-
lar, investing in technologies that will increase the effi-
ciency of wind turbines can make energy production in
the Mediterranean Region more efficient.

The Mediterranean Region is a very suitable area
for wind energy production with the advantages of high
wind speed and directions. Investments and projects
to be made in the region can play an important role
in meeting Turkey’s energy needs. In particular, the
potential offered by mountainous areas and coastlines
makes the Mediterranean Region attractive for wind en-
ergy projects.

The novelty of this study lies in its region-specific
application of Global Wind Atlas data to assess wind
energy potential in Turkey’s Mediterranean Region, an
area that has been underrepresented in detailed anal-
yses. Unlike broader national-level studies, this work
highlights localized wind patterns and strategic sites us-
ing percentile, seasonal, and diurnal analyses. While it
employs standard visualization and data tools, the study
offers a unique interpretive approach by proposing dif-
ferentiated turbine applications—horizontal and verti-
cal axis—based on site-specific wind behavior. Further-
more, it integrates a social dimension by emphasizing
the role of community engagement in wind project plan-
ning, a perspective rarely addressed in prior Turkish en-
ergy studies.

3. Results

Figure 2 illustrates the variation in wind speed val-
ues (denoted as “val”) across increasing percentile lev-
els (“perc”). The graph reveals a distinctly negative cor-
relation, indicating that wind speed values tend to de-
crease as percentile values increase. This inverse re-
lationship is particularly pronounced in the lower per-
centiles, where the decline in wind speed is steeper. As
the percentile value exceeds 50%, the rate of decrease
becomes more gradual and stabilizes, suggesting a di-
minishing marginal change in wind speed.

The wind speed values begin at approximately 8.84
m/s and decrease steadily to 4.9 m/s, reflecting a total re-
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duction of nearly 4 units over the percentile range. The
use of point markers (marker = ‘0’) enhances the clarity
of individual data points and underscores the continuity
and regularity of the dataset. This distribution pattern
highlights a log-linear decline and can be particularly
valuable for researchers analyzing wind speed trends in
disciplines such as meteorology, renewable energy plan-
ning, and environmental sciences.

Understanding how wind speed varies across per-
centiles provides critical insights for applications such
as wind energy potential assessments, where the fre-
quency and intensity of wind events influence both site
selection and turbine efficiency. The observed trend in
Figure 2 thus offers a robust foundation for evaluating
wind behavior and its implications on environmental or

technical systems.

Change in Wind Speed Values According to Percentiles
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Figure 2. Trend of changes in wind speed by percentiles.

Figure 3 shows the distribution of values in the
heat map and data set. In the data, since the color scale
is “coolwarm”, low values are expressed as cooler (blue)
and high values are expressed as warmer (red) colors.
When we look at the heatmap, we see that the red tones
are generally concentrated in the top rows (the first few
columns and rows), while the blue tones gain weight
as you move towards the bottom rows and the columns
on the right. This indicates that the data generally has
higher values in the first rows and lower values in the fol-
lowing rows and columns. When evaluated on a row-by-
line basis, more reddish colors are seen, especially in the
first lines (for example, lines 0-10). This indicates that
the data in these rows has higher values. It means that
in subsequent rows (for example, lines 20-23) the colors
shift toward blue, with blue channel intensity values in-
creasing to above 150 (on a 0-255 scale), and the data
values decrease overall. Between the columns, espe-
cially in the first few columns (for example, columns 1-

3), the red channel intensity predominantly exceeds 180
(on a 0-255 scale). This indicates that these columns
have high values. In columns 9-12, blue tones predom-
inate; This means that there are lower values in these
columns. Itis observed that the data reaches the highest
values at some points, such as the intersection of column
1 and row 10. In some areas, especially near the lower-
right corner (for example, rows 22-23 and columns 10-
12), the lowest values are found. There is no obvious
trend or symmetrical structure in the data; This indi-
cates that the data may be randomly distributed. Color
gradients do not clearly indicate that values increase or
decrease in an orderly manner across both rows and
columns.

As a result, this heat map visualizes the distribution
of values in the data set, allowing us to easily understand
which regions have high (red) and low (blue) densities. Es-
pecially in time- or area-based analysis, such shapes are

very useful for quickly detecting trends and anomalies.
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Heatmap of Given Data
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Figure 3. The heat map shows the distribution of values in the data set.

Figure 4 shows the change in values as a function of year, the values remained above average. Between 4 and
time (months) over a indicate this year. In the first three 9 months, values were generally below average, indicat-
months, when the values are around 1.3, a downward ing a period of decline in the middle of the year. A more
trend is observed in the middle of the year (between 4 detailed analysis of the data shows that mid-year lows
and 9 months). The dashed line represent the annual may be due to a seasonal effect. For example, environ-
average value (0.99). Especially in the first quarter (1- mental conditions or economic factors may have caused
3 months) and the last quarter (10-12 months) of the a drop in values in the middle of the year.

Annual Data Trends
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Figure 4. Change of values over time (months) in a one-year period.

Figure 5 shows the change in the measured values The dashed line represents the average of all years. The
between 2008 and 2017. The data are randomly dis- average value is around 1.01, and most data is centered
tributed around the mean value (1.01), varaing between around this value. The highest and lowest values were
0.94 and 1.04. No trend was observed as a function of time. recorded in 2009 of 1.05 and in 2011 of 0.93, respectively.



Clean Energy Technologies | Volume 01 | Issue 02 | September 2025

Interannual Data Trends
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Figure 5. Annual changes measured between 2008 and 2017 and their deviations with the general mean.

Figure 6 shows the relationship between values and
time in hours of the day (day/month/year). The results
show fluctuations in the data points indicating a certain
upward and downward trend throughout the day. The av-
erage value, shown by the orange dashed line represents
the general trends of the day. The maximum value indi-
cated by the green dashed line represents the highest value
in the data set (1.27) occurs at 14th hour, while the mini-

1.3¢

1.2+

IAfr

Value

1.0

0.9r

0.8+

mum indicated by the red dashed line (0.78) is recorded at
6th hour, indicating a typical daily pattern with lower val-
ues in the morning and higher values in the evening. This
suggests that the influence of environmental factors, such
as temperature changes, on such data. When interpreting
this graph and data, it is important to consider that values
that vary according to the time of day may be related to en-
vironmental variables.

Diurnal Data Trends
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Figure 6. Diurnal variations in wind speed suggest potential influence of environmental factors such as temperature.

Figure 7 shows the variations of power density
(val) as a function of percentage (perc). The results
shows an inverse relationship between percentage in-
crease (perc) and power density (val). Initially, the per-

centage increase is low (about 2%), while the power den-
sity is very high (about 1054.44), represent the high-
est power density. However, as the percentage increase
(up to about 100%), the power density decreases from
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249.98, 1054.44), represent the lowest power density.
The average power density is 522.58, which represents

the load increases, or that the power density decreases
when more energy is demanded. The shape can be use-
the average level of the overall power in the figure. This ful for energy efficiency analyses or power distribution
can mean that the efficiency of the system decreases as studies.

Power Density vs Percentage

Power Density (val)
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Figure 7. How power density changes with respect to percentage increase.
4. Discussion o Turbine Technology Adaptation: Turbine models

must be selected based on localized wind speed and

The Mediterranean Region’s favorable wind con- . . o
direction data to maximize energy output.

ditions present a significant opportunity to support

Community Engagement: Involving local communi-
Turkey’s transition to renewable energy. The poten- L . . . . .
ties in project planning and implementation will fos-
tial to reduce carbon emissions by utilizing wind power . :
ter public support. Addressing concerns related to
aligns with both national climate strategies and global . . . . .
noise, aesthetics, and environmental impact is essen-
sustainability goals. tial
This study emphasizes the importance of select- . . . .
y emp p ¢ Economic Incentives: Policy frameworks such as tax
ing appropriate turbine technologies based on the re- . : - . '
§ approp 8 incentives, subsidies, and accessible long-term financ-

gion’s wind characteristics. The distinction between . .
ing are necessary to accelerate wind energy deploy-

horizontal- and vertical-axis turbines underscores the ment

need for region-specific analysis during turbine selec- . R .
g p Y g ¢ Research and Development: Investing in R&D will
tion and site planning. . . . .
promote innovation in turbine and energy stor-
To fully harness the region’s wind energy potential, . . . . .
age technologies, reducing costs and improving effi-
a series of strategic actions are proposed: ciency

¢ Infrastructure Development: Comprehensive feasibil- e

ity studies should be conducted to identify optimal in-
stallation sites, particularly along coastlines and ele-
vated terrains.

Policy and Climate Integration: Energy policies must
incorporate climate change projections to adapt to fu-
ture changes in wind patterns and ensure the long-

term viability of wind energy infrastructure.
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5. Conclusions

This study has demonstrated that Turkey’s Mediter-
ranean Region holds significant and underutilized po-
tential for wind energy generation. By analyzing wind
speed distributions through the Global Wind Atlas and
reviewing current literature, the research identifies both
coastal and elevated inland areas as viable zones for
wind farm development, with average wind speeds rang-
ing from 5.5 m/s to 7.0 m/s. These wind conditions
meet international standards for commercial-scale en-
ergy generation, particularly in areas exceeding 6.0 m/s,
positioning the region as a promising frontier for renew-
able energy investment.

In addition to providing a scientific assessment of
wind potential, the study offers a framework for strate-
gic action to unlock this capacity. Recommendations
include the expansion of energy infrastructure, site-
specific turbine technology adaptation, stronger policy
incentives, enhanced community engagement, and in-
creased investment in research and innovation. These
components are interdependent and must be imple-
mented in an integrated manner to ensure long-term en-
ergy sustainability and system resilience.

Importantly, this research underlines the necessity
of tailoring wind energy solutions to local conditions.
The identification of suitable turbine types—horizontal-
axis turbines for high-consistency coastal winds and
vertical-axis turbines for variable inland wind profiles—
demonstrates that a one-size-fits-all approach is not vi-
able in wind energy development. Instead, location-
specific planning and design are essential for maximiz-
ing energy output and economic returns.

The broader implications of the study are also note-
worthy. The successful integration of wind energy in the
Mediterranean Region can contribute to:

¢ Reducing Turkey’s dependence on imported fossil fu-
els, thus enhancing energy security.

¢ Lowering greenhouse gas emissions, supporting na-
tional and international climate targets.

¢ Stimulating regional economic development through
job creation, local investments, and technological in-
novation.

¢ Promoting social acceptance of renewable energy

projects through inclusive, transparent planning pro-

cesses.

Ultimately, the findings of this study provide a
roadmap for evidence-based policy formulation and in-
vestment prioritization in the context of Turkey’s green
energy transition. Policymakers, energy developers, and
investors are encouraged to use these insights in iden-
tifying high-potential zones, conducting pre-feasibility
assessments, and designing data-driven deployment
strategies.

In conclusion, with strategic coordination and long-
term commitment, the Mediterranean Region can evolve
into a national hub for wind energy production, playing
a vital role in achieving Turkey’s sustainable energy fu-
ture.
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