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Abstract

This work’s focus is determining how the improvements in wind power technology alter current
onshore wind power potential and exploitable electrical energy in Turkey. Then, consequent envir-
onmental and economic benefits through substitution of imported hard coal, natural gas and local
lignite resources in the Turkish electricity mix have been analyzed. Lack of potential, environmental
and economic data kept offshore wind calculations out of the scope of this work. Increasing hub
height and power coefficient due to better blade designs of wind turbines can increase | 14 thou-
sand MW of onshore wind power potential at 50 m up to 418 thousand MW at 300 m.
Consequent wind electricity generation can change in the range of 2.3 x 10°~1.95x 10® GWh.
Acknowledging several different conditions operating wind turbines can be subject to and that
the whole capacity may not be used, mean value of 1.09 x 10® GWh wind electricity generation
is assessed as the limit providable to the Turkish electricity grid. Installable wind power capacity
(IWPC) and electricity generation potential (EGP) are both most sensitive to the changes in spa-
cing followed by CP and aging. The level of sensitivity increases at higher hub heights for both
IWPC and EGP. Environmentally, substitution of lignite and after 2040 hard coal and lignite by
wind power is the most feasible option in improving environmental performance of Turkish elec-
tricity mix compared to sole substitution of hard coal, natural gas or lignite. In 2040, wind can
replace all lignite hence in the years following 2040, wind can substitute lignite and a second fossil
resource. Economically, hard coal and natural gas substitution result in 10.85 billion $ and 7.93
billion $ gain from 2021to 2050. Local job creation and carbon tax mechanisms to be employed
in favor of wind power can create additional economic and social benefits for the country.
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Introduction

As a developing economy and having an increasing population, Turkey has the highest electricity
utilization rate increase among all OECD (Organization for Economic Co-operation and
Development) countries (RTINDC, 2018). In 2020, 57.7% of electricity in Turkey was generated
from fossil resources; mostly from imported hard coal and natural gas that constitute 75% of the
fossil resources utilized in electricity generation (TEIAS, 2020). Although hydropower is currently
the dominant renewable electricity generation technique, the potential of other renewable energy
sources in Turkey are underutilized (TEIAS, 2020; Baris and Kucukali, 2012). Around 33.0% of
all greenhouse gas (GHG) emissions originated from electricity generation for the year 2018 and
the total GHG emissions of the country continue to rise (OECD, 2018). Electricity generation
related environmental problems such as air pollution, global warming and volatility in fossil fuel
prices necessitate generation of power via alternative environmentally benign technologies
(Owusu and Asumadu-Sarkodie, 2016). Turkey has 21.0% GHG reduction commitment by 2030
corresponding to 246 million tons of CO, under United Nations Framework on Climate Change
(UNFCC). Wind power can be a promising resource contributing to this goal. Additionally,
meeting electricity needs with wind power, a local renewable resource can be a significant cure
in the context of energy security for the country (RTINDC, 2018).

Literature review

Existing literature regarding wind energy in Turkey has a diverse scope. Kaplan studied the legisla-
tions related to wind energy and incentives needed for promotion and wider adoption concluding
that wind power potential is underutilized in Turkey due to lack of necessary policies (Kaplan,
2015). Regional studies for onshore wind power potential (Arslan et al., 2020; Akin and Kara,
2017), offshore wind power potential estimate for Black Sea Region and Turkey’s all coastal
regions are performed. All of the offshore wind power estimate studies referred for Turkey have
quite different ranges for the offshore wind potential of the country. They calculate offshore
wind potential from 1629 MW to 9021 MW at 150 m height in coastal regions of Turkey
(Argn et al., 2019; Emeksiz and Demirci, 2019; Argin and Yerci, 2017). Studies of joint hydro-
power and wind electricity potential (Donmez et al., 2017), wind energy capital investment
(Tagliapietra et al., 2019), green hydrogen production by utilization of wind power (Karayel
et al.; 2022) are also available.

Environmental impacts and comparison of wind power with other energy technologies are also
widely studied (Siddiqui and Dincer, 2017; Xua et al., 2018; Huang et al., 2017; Martineza et al.,
2018; Abbeasi et al., 2014; Dai et al., 2015). Studies concentrating on environmental impacts of
wind power employ life cycle assessment (LCA) methodology in general. Siddiqui and Dincer
(2017) compare electricity generation by wind turbines with hydro and nuclear electricity.
According to their findings, wind power has higher impacts in eutrophication, acidification and
photochemical ozone creation potential categories than other alternatives. These impacts are
mainly attributed to construction phase of the wind turbines. Global warming potential (GWP)
wise, wind power is found to be quite advantageous (12 g CO, eq./kWh) (Siddiqui and Dincer,
2017). When life cycle impacts of onshore and offshore wind power are compared, higher envir-
onmental impacts of offshore wind turbines are mainly due to the higher quantity of foundation
materials required in the installation phase (Xua et al., 2018; Huang et al., 2017). Additionally,
end of life processes and recycling of wind turbines at the end of their lifespan are important in
terms of their life cycle impacts (Siddiqui and Dincer, 2017; Martineza et al., 2018). Based on this
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fact, Mertineza et al. studied environmental performances of “dismantling or repowering” of a wind
farm reaching its end of life via LCA. While repowering has considerably better environmental per-
formance than dismantling, renewal of electrical parts constitutes the main impacting parameter of
repowering (Martineza et al., 2018). Environmental issues with wide adoption of wind power and pre-
cautions that can mitigate these impacts are also investigated. Careful planning and location selection
with respect to human settlements and bird migration routes are some of these important precautions
that can be taken (Abbasi et al., 2014; Dai et al., 2015). Furthermore, studies on the technological
development trends in wind power and future directions focus on development of wind turbines
with higher hub height and larger blade area (Watson et al., 2019; Gkantou et al., 2020; Kumar
et al., 2016).

Literature review reveals that wind power potential rise due to technological advancement in
wind power technology, changes that can occur in Turkish electricity environmental impacts and
consequential economic aspects have not been studied. The novelty of our work therefore lies in
being the first analysis studying the quantitative effects of technological development trends on
exploitable wind power potential of Turkey. Furthermore, analyzing environmental impact
improvement potential of rising wind power ratio on electricity grid and considering related eco-
nomic gains through a realistic assessment hone its originality. With this holistic structure, the
study will make an important contribution to the existing literature and add to it.

In the rest of this article, background information on wind power potential in Turkey and tech-
nology related considerations of the work are presented in Background section. Following section
includes analysis methods and the related assumptions utilized. Results and discussion reveal the
study findings followed by the main conclusions.

Background

Wind power in Turkey

Turkey has 114000 MW total on-shore installable wind power potential (WPP) at 50 m height
according to data provided by General Directorate of Energy Affairs (GDEA, 2020). These are sub-
mitted as raw data in a separate file and can be referred. By December 2020, Turkey has 8830 MW
installed wind power capacity that only corresponds to 7.75% of the total potential [GDEA, 2020
and TWEA, 2020). Wind is the renewable energy source with the highest installed capacity increase
(TWEA, 2020), and meets 8.10% of electricity consumption in 2020 (TEIAS, 2020). Currently,
there is no offshore wind turbine operating in Turkey and offshore WPP data for the whole
country are not available. Furthermore, studies estimating offshore WPP for Turkey calculate
hugely different values in the range of 1629 MW and 9021 MW at 150 m height in coastal
regions (Argn et al., 2019; Emeksiz and Demirci, 2019; Argin and Yerci, 2017). Although consid-
ering these values; magnitude of potentials, not having a consensus in values of offshore poten-
tial and lack of environmental impact data for operating offshore wind turbines keep offshore
wind calculations out of the scope of this work.

Technology specifics and considerations in the study

Wind turbines convert kinetic energy that a wind flow has into mechanical energy first and then to
electrical energy. Mathematically, electrical power that a wind turbine can generate is proportional
to the third power of the wind speed at the hub height of the turbine. Wind speed being the dominant
factor increasing power harnessed by wind turbines followed by turbine blade area, trends in
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improvement of wind power technology focus on development of wind turbines with higher hub
height and larger blade area (Watson et al., 2019; Gkantou et al., 2020; Kumar et al., 2016).

Today wind turbine hub heights are around 100 m with 2 to 3 MW capacity on average
(Radmanathan et al., 2019; Wiser and Bollinger, 2019). Future projections foresee turbines up to
250—300 m hub height. Ramanathan et al. present projections of wind turbines with 250 m hub
height and 20 MW capacity in an attempt of discussing improvements in wind energy conversion
systems to increase exploitable wind electricity potential (Radmanathan et al., 2019). A survey dis-
cussing the decreases in wind electricity costs indicates expected hub height rises as one of the main
reasons (Wiser et al., 2021). S&P Global report wind turbine size of 16 MW for 2024 and onwards
with hub heights over 200 m referring to major sector actors of Vestas and Mingyang Smart Energy
(S&P Global, 2022). Watson et al. states wind resources between 100 and 1000 m should be
assessed in detail for possible gains (Watson et al., 2019). Considering that our work covers a
time horizon of 2020—2050 in its evaluations and mentioned tendencies of the wind power
sector, WPP and electricity generation potential (EGP) calculations are performed from
100 to 300 m in this study. Techniques such as hybrid steel turbines and new installation
methods being developed can make evaluated higher turbine hub heights possible (Watson
et al., 2019; Gkantou et al., 2020; Kumar et al., 2016).

Three parameters are accounted for that affect WPP and EGP calculations. Of those, positioning
of wind turbines is an important parameter for optimum wind electricity generation. 6—10 rotor
diameter (D) distance spacing is generally applied for horizontal axis wind turbine farms. Hence,
6D tol0 spacing is applied in calculations to explore sensitivity of WPP and EGP to spacing
(Son et al., 2014; Meyers, 2011).

Secondly, the proportion of power a wind turbine can convert into electricity to what is origin-
ally available in the wind flow is significant and known as the power coefficient (CP).
Thermodynamic limit for this value is called Betz’s limit and determined to be 0.59 (Manwell
et al., 2010; Burton et al., 2011). Currently, for a good performing turbine CP is around 0.40
(VESTAS, 2022; ENERCON, 2022). Hence, we analyze CP increase from 0.40 to 0.55 to
reflect technological development in wind turbine designs in an approaching manner to the
Betz’s limit.

Lastly, efficiency loss due to turbine aging should be analyzed. A diverse review of multiple
wind farms determined an 1.6% efficiency decline in power output per year (Staffel and Green,
2014). 20 years being the common lifetime for a wind turbine, 10 years is the time for replacement
and maintenance of electrical and certain turbine parts (Wang et al., 2020). Hence, yearly efficiency
loss up to 10 years is calculated.

All in all, our work also examines the sensitivity of WPP and EGP to spacing, CP and aging at
different hub heights.

Environmental and economic aspects

With its standardized framework, life cycle assessment (LCA) is an environmental performance
evaluation technique that is extensively used to assess environmental impacts of energy technolo-
gies. The phases of LCA framework are goal and scope definition, inventory analysis, impact
assessment and interpretation (Gunee et al., 2011; ISO, 2006). For conciseness, LCA methodology
and environmental impact categories are explained in detail in the supplementary material (SM) and
can be referred. Atilgan and Azagapic (2016) evaluated the environmental impacts of multiple
energy resources in the context of Turkey on kWh electricity basis from LCA perspective except
for solar power. Filing this gap, Kursun (2022) calculated environmental impacts of solar power
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per kWh for Turkey. Based on these studies, substitution of imported hard coal, natural gas and
local lignite by wind power is studied due to their high environmental impacts and changes in elec-
tricity mix impacts are assessed.

Turkey is dependent on imported resources in energy sector and imports 74% of these resources
to meet her primary energy demand (MFA, 2020). For electricity generation, 57.7% of utilized
energy resources were fossil fuels in 2020 and 75.0% of these were imported hard coal and
natural gas (TEIAS, 2020). Furthermore, Turkey pays substantial amount of foreign currency for
energy resource imports. Hence, economic benefits that can be acquired due to substitution of
imported energy resources (hard coal and natural gas) have been assessed on the basis of the cur-
rency gain in 2020-dollar value. Lastly, it is important to note that both environmental and eco-
nomic assessments are realized from 2020 to 2050.

Methodology

This section explains analysis methods and assumptions utilized in this work. Furthermore, a com-
prehensive supporting material (SM) containing sample calculations, methodological details and
data tables related to each subsection of the Methodology is prepared and presented with the
article. In each subsection here, where the related calculation details and data in the SM can be
found is also mentioned.

Change of Turkish population and electricity demand

Turkey has a population of around 83.9 million in 2020. Data provided by Turkish Statistical
Institute (TUIK) estimate a decelerating increase in Turkish population and reach it to around
105 million in 2050 (TUIK, 2022a). Detailed population data can be found in Supplemental
Table S1 of the SM.

To calculate annual electricity demand increase, data presented in Supplemental Table S2 of the
SM from 1971 to 2020 are processed. An average of 7.72% annual electricity utilization increase is
determined during these 49 years. When last 10 years from 2011 to 2020 are considered, annual
average increase is 4.83% (TUIK, 2022b). For electricity demand projections, 1% below
(3.83%) and 1% above (5.83%) of annual increase range is used in calculations to capture recent
trends. Electricity use data processed not only include domestic use but also cover industrial
and non-residential building electricity utilization (TUIK, 2022b).

Wind power density, wind power potential and electricity generation

Table 1 presents wind power density distribution (W/m?), wind speed (m/s) and total installable
wind power capacity (MW) for Turkey at 50 m height (raw data is submitted with the article).
City by city data generated by General Directorate of Energy Affairs (GDEA) of Turkey have
been added to calculate total quantities of area and installable power capacity for Turkey.
Suitable areas for wind power installation are determined according to certain criteria. These are
wind speed distribution, closeness to substations, electricity transmission lines, residential areas
etc. (GDEA, 2020). Hence, wind power increase due to technological development in these
areas are calculated following the steps below.

Installable wind power capacity in a region corresponds to the rated power of the wind turbines
that can be constructed in that area. This capacity changes up to the wind speed at the considered
hub height, power coefficient (CP) of the turbine and local geographical characteristics which are
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Table I. Wind power density distribution, wind speed and total installable wind power capacity for Turkey at
50 m height (GDEA, 2020).

Wind Power at Wind Speed at

Ranges (k) 50 m (W/m?) 50 m (m/s) Total Area (km?) Total Installable Capacity (MW)
I 300 —400 68 -7,5 15357 76788
2 400 — 500 7,5-8,1 4825 24126
3 500 — 600 8,1-86 1910 9459
4 600 — 800 86—-95 731 3657
5 >800 >9,5 I 53
Total 22835 114083

reflected in wind shear exponent a. CP represents what share of kinetic energy in the wind can be
converted into electrical energy by the wind turbine. Thermodynamic limit which is called the Betz
limit for this value is 0.59 (Manwell et al., 2010; Burton et al., 2011). Currently, for a good perform-
ing turbine CP value is around 0.40 (VESTAS, 2022; ENERCON, 2022). In our work, values of
0.40, 0.45, 0.50, 0.55 are examined to explore the technological development in wind turbines
reaching to their Betz limit.

Wind shear coefficient, a, is a dimensionless number which changes according to the geograph-
ical characteristics of the location that the wind turbine is to be constructed. It helps calculating the
wind speed at different heights from a determined height for several geographical settings such as
“open water, grass, tree covered or hilly terrain, area including buildings” etc. (Manwell et al.,
2010; Burton et al., 2011). Utilization of single o value in calculations causes significant deviations
in estimation of true wind power potential of a region due to unsteady nature of shear coefficient
(Firtin et al., 2011; Sumair et al., 2021). Hence, values of 0.10, 0.14, 0.20 and 0.25 are examined
in our work.

Electrical energy that can be generated by a wind turbine generally does not match with its
rated power due to the intermittent nature of wind. That means wind does not have the
optimum wind speed to make the turbine generate its maximum power 100% of the time.
There comes the concept of capacity factor (CF). CF is the ratio of what actually a wind
turbine generated to rated peak power of a that same turbine. Hence, different electrical energy
can be produced by the same rated power turbines in different locations due to different CF
values specific to each location (Abbasi et al., 2014). Details of CF calculation for Turkey are
explained in Capacity factor and wind electricity generation section.

Wind power density. To determine wind power density (W/m?) at different heights, first step needed
is to calculate the wind speeds at corresponding altitudes (100, 150, 200, 250, 300 m). Due to the
increase in wind turbine hub heights, these calculations are made to explore the change in wind
power potential range at higher altitudes for Turkey.

To extrapolate wind speed at higher altitudes, three methods are proposed. The most
widely adopted Monin-Obukhow method provides a robust basis for extrapolation of wind
speed because of including several site-specific parameters. However, the method can evalu-
ate short term data meaningfully and could not be utilized in extrapolation of our annual
average wind speed data. Other method that can be utilized in wind speed extrapolation is
Logarithmic Wind Profile law. This method provides reliable outcomes given that site specific
data z, can be found or calculated (Bafiuelos-Ruedas etal., 2011). For instance, site specific
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studies as in Demir and Taskin (2013), Logarithmic Wind Profile law is utilized in wind speed
extrapolation. However, obtaining this parameter for all sites is not possible for a country
wide study like we conduct. Z, value data for all sites or regions are not available for
Turkey. Hence, Hellman exponential law also called as power law is utilized in wind speed
extrapolations in this work. To accommodate shortcomings of the method, not single but
0.10-0.25 range of shear exponent values corresponding to different settings are applied in
calculations. 0.10-0.25 range is adopted since small towns and cities are not considered as
suitable areas for high-capacity wind turbine installations. This approach enables calculation
of possible wind speed ranges under changing conditions at considered higher altitudes con-
sequently changing wind power and electricity generation potential. Power law is even uti-
lized in regional studies by considering different shear exponent values as in Bidaoui et al.
(2019).

Equation (1) facilitates application of power law to our study. In this equation, Zy and Z;
represent 50 m and extrapolated altitudes where i takes 100,150,200,250 and 300m values. Vg
represents the wind speed at 50 m for corresponding range that is denoted by k taking values
from 1 to 5. Vy stands for wind speed in m/s at higher altitudes Z; and subscripts i and k take
values as explained. Lastly, o is the wind shear exponent taking the values of 0.10, 0.14, 0.20
and 0.25.

Vik(m 1 s) = Vsor(Z; | Zsp)* 1

Wind power density which is wind power per unit area can be calculated by utilization of the
general formula given in Equation (2), where p represents air density in kg/m® and V is the
wind speed in m/s.

P=1p1 2)
To calculate wind power density at higher altitudes (100, 150, 200, 250 and 300 m), formula given in
Equation (3) is applied. In this equation, Psq, and Py, represent power density distribution in W/m? at
50 m and higher altitudes denoted by i that takes 100,150,200,250 and 300 m values. pso and p; are the
air density in kg/m® at 50 m and evaluated higher altitudes.

Psox | Py = pso! pi (Vso/ Vig)? 3)

Equation (4) gives the change of air density with altitude. 1.225 kg/m? is the density of air at 25°C and
sea level (0 m) (Manwell et al., 2010; Burton et al., 2011).

p =1.225— (1.194x10~* 1) )

Installable wind power capacity. In calculation of new total installable wind power capacities IWPC)
in MW, effects of spacing, power coefficient (CP) and aging are considered. For optimum wind
power generation. 6—10 rotor diameter (D) distance spacing is generally applied for horizontal
axis wind turbine farms spacing (Son et al., 2014; Meyers, 2011). A mean value of 8D is used
for calculation. To calculate mean total IWPCs, averages of new wind power density ranges cal-
culated through Equation (3) are multiplied by available installation area (A;x) and by the ratio
of swept area to spacing (S?). These calculations are performed through Equation (5). Addition
of IWPC values for all ranges gives total INPC at considered height. In Equation (5), Pikaverage
is the average wind power density in MW/m? for the considered height (i) and range(k). Ajy is
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the available area in m”. D stands for rotor diameter in m and S is the spacing taking value of 8D for
mean IWPC.
D2

5 T
IWPCi (MW) = ) Pikaverage. Aik. —3-
k=1

Sensitivity of IWPC to Spacing: By changing spacing distance S in Equation (5) as 6D and 10
upper and lower limits for INPC are determined in MW (Son et al., 2014; Meyers, 2011).

Sensitivity of IWPC to CP: IWPC increases with increasing CP value. Current CP value of 0.40
is taken as basis and sensitivity to CP increase with technological development up to 0.55 is eval-
vated in an approaching manner to Betz limit of 0.59 (VESTAS, 2022; ENERCON, 2022). This
change can simply be calculated by multiplying IWCP with ratio of (0.55/0.40).

Sensitivity of IWPC to Aging: Decreases in IWPC due to aging are calculated. 16% efficiency
decline in power output over 10 years has been determined. Hence, up to 16% output decline due to
aging is considered and sensitivity is determined.

Capacity factor and wind electricity generation. In calculation of CF for Turkey, wind power installed
capacity that is the rated power of installed onshore wind turbines and generated wind electricity
data from 2006 to 2020 are assessed and results are presented in Table 2 (GDEA, 2021;
TEIAS,2020). A backwards approach is adopted here. Maximum possible electricity generation
if capacity factor was 1 for the whole country is calculated, then the ratio of real electricity gener-
ation to maximum possible electricity generation is computed corresponding to CF. Averaging CF
values found for each year, 0.30 value is determined and adopted as the country average CF value in
further calculations (GDEA, 2021; TEIAS, 2020). Since our work is not a regional but a country
wide study, this approach is followed.

Table 2. Installed wind power capacity and wind electricity generation in Turkey from 2006 to 2020 (GDEA,
2021; TEIAS, 2020).

Year Rated Power (MW) Wind Electricity Production (GWh) If CF was | (GWh) CF

2006 59 127 517 0.25
2007 146 355 1279 0.28
2008 364 847 3189 0.27
2009 792 1495 6938 0.22
2010 1320 2916 11563 0.25
2011 1729 4724 15146 0.31
2012 2261 5861 19806 0.30
2013 2760 7558 24178 0.31
2014 2630 8367 23039 0.36
2015 4503 11543 39446 0.29
2016 5751 15517.1 50379 0.31
2017 6516 17903.8 57080 0.31
2018 7005 19949.2 61364 0.33
2019 7591 21730.7 66497 0.33
2020 8832 24828.2 77368 0.32

Average 0.30
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Determination of CF enables EGP calculations. To calculate EGP in GWh, mean IWPC values
calculated with 8 D spacing are multiplied by CF, hours of a year (8760) and divided by 1000 for
GWh conversion. These calculations are performed through Equation (6). Here i represents alti-
tudes of 100, 150, 200, 250 and 300 m.

EGPi (GWh) = IWPCi.CF.8760 /1000 ©6)

Sensitivity of EGP to Spacing: For determining sensitivity of EGP to spacing, we utilized IWPC
values for 6 D spacing as upper bound and IWPC values for 10 D spacing as lower bound. Then,
upper and lower values for EGP are calculated by substituting corresponding IWPC values into
Equation (6).

Sensitivity of EGP to CP: For determining sensitivity of EGP to CP range of 0.40-0.55, cor-
responding IWPC values are inserted in Equation (6) and related EGPs are calculated.

Sensitivity of EGP to Aging: Up to 16% (10 years) EGP output decline due to aging is consid-
ered and sensitivity is calculated accordingly.

In assessing wind electricity generation outcomes, it is important to acknowledge that all the tur-
bines operating will not have the same hub height, age, CP values and will not be subject to the
same local conditions (a). Additionally, all of the available capacity may not be utilized. Hence,
mean of the computed wind electricity potential range will be accepted as the limit that wind
power can provide in this work.

Sample calculations for wind power density, IWPC, EGP and related tables can be found in
Section 2 of the SM.

Fossil resource substitution and electricity mix environmental impacts

Figure 1 presents the composition of Turkish electricity mix in 2020 having 8.10% wind power
share (TEIAS, 2020).

Table 3 presents the coefficients per kWh electricity for the life cycle impacts evaluated in our
work (Atilgan and Azapagic, 2016; Kursun, 2022). Here, emission levels per kWh electricity gen-
eration from each of the considered energy resources are given. For instance, 1 kWh electricity gen-
eration by utilization of hard coal emits 1060 g of CO, equivalent GHG and 2.31 g of PO;~
equivalent of eutrophication causing emissions. Having emission levels for the energy sources in

Hard Coal
% 3% 4% Lignite

l 229, Natural Gas
= Hydro (Reservoir)

%
~ = Hydro (Stream)
/ = Wind
23% Waste
Geothermal
Sun

Figure 1. 2020 Turkish electricity mix composition by different resources (TEIAS, 2020).
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Turkish electricity mix enables calculation of environmental impacts related to electricity gener-
ation in Turkey. Multiplication of the coefficients in Table 3 by the corresponding percentage of
each resource in 2020 electricity mix and summing them, total life cycle impact per kWh of elec-
tricity is calculated for all of the 8 impacts individually by utilization of equation (7). In equation
(7), 1 represents different energy resources in the electricity mix.

9
Electricity Mix Life Cycle Impact per kWh = Z Percentage (i). Life cycle impact coefficent (i)
i

)

To determine Turkish electricity mix environmental impacts in the years of 2025, 2030, 2035,
2040, 2045 and 2050, calculation of the average wind power share increase in the electricity mix
and its percentage in considered years are necessary. Based on change of wind power in Turkish
electricity mix from 2010 to 2020 (GDEA, 2021), 0.672% annual increase rate for wind is calcu-
lated (in Supplemental Table S15 of SM). Hence, 8.10% wind power percentage in the 2020 elec-
tricity mix rises to 11.46%, 14.82%, 18.18%, 21.54%, 24.90% and 28.26% in the years 2025, 2030,
2035, 2040, 2045 and 2050, respectively. As can be seen in Supplemental Table S16 of SM,
maximum wind electricity required to realize these substitutions is 4.23 x 10> GWh.

Substitution of hard coal by wind. In analyzing the effect of substitution of hard coal-based electricity
by wind power on electricity mix environmental impacts, new electricity mix compositions are con-
stituted for considered years. The percent increase in wind power corresponds to the percent reduc-
tion in hard coal percentage in the mix. Supplemental Table S19 in the SM includes the new
compositions of Turkish electricity mix due to hard coal substitution. Environmental impacts as
a result of electricity composition change are also calculated for each term by modification of equa-
tion (7). The absolute values of environmental impacts for each term due to hard coal substitution
can be found in Supplemental Table S20 of the SM.

Substitution of natural gas by wind. As in hard coal, new electricity mix compositions are also con-
stituted for the substitution of natural gas-based electricity by wind power. These compositions can
be found in Supplemental Table S21 of the SM. Here, projected wind power percentages for 2025,
2030, 2035, 2040, 2045 and 2050 are utilized with corresponding reductions in natural gas percent-
age in the mix. By applying equation (7) for these compositions, change in electricity mix impacts
are determined. Calculated environmental impact values for each term due to natural gas substitu-
tion can be found in Supplemental Table S22 of the SM.

Substitution of lignite and hard coal by wind. Lastly, substitution of lignite first due to its high envir-
onmental impacts and then imported hard coal by wind power is explored. Composition of electri-
city mix change can be found in Supplemental Table S23 of the SM. Here, projected wind power
percentage for 2025, 2030, 2035, 2040, 2045 and 2050 are utilized with corresponding reductions
in lignite first and then in hard coal percentage. Environmental impacts as a result of electricity com-
position change are calculated for each term by application of equation (7). New environmental
impact values for each term due to lignite and hard coal substitution can be found in
Supplemental Table S24 of the SM.
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Economic aspects

Economic benefits that can be acquired due to substitution of imported energy resources hard coal
and natural gas have been assessed based on the currency gain in 2020-dollar value. First step
taken for this evaluation is to calculate the wind electricity generated from 2021 to 2050 in
GWh for each year by also considering the increasing electricity demand. Then, quantities of
electricity substituted due to rise in wind electricity and decline in hard coal and natural gas elec-
tricity are computed. Based on substituted electricity quantities, amounts of avoided usage of hard
coal and natural gas are calculated. 339 tons of coal generates 1 GWh electricity under conditions
of Turkey and the country imported hard coal at 80$/ton price in 2020 (THI, 2021). Similarly, 1
m® natural gas generates 10.64 kWh electricity. Turkey imported natural gas at 0.21 $/m*in 2020
(EMRA, 2021).

Presentation of all the steps and results for economic assessment can be found in Supplemental
Tables S25 and S26 of the SM in detail.

Results and discussion

Electricity demand projection

According to Turkish Statistical Institute (TUIK) data, Turkey’s population is 83.9 million in
2020, this population is expected to reach to 104.8 million in 2050. 0.291 million GWh electricity
demand in 2020 increases to the range of 1.48 and 1.52 million GWh in 2050 with the 3.83%
—5.83% range of annual electricity demand increase as can be seen in Figure 2. In addition to
increasing population, this tremendous increase of about 4 folds is attributed to the targeted
industrial development by the government, expected wider use of electric cars and individual
energy consumption increase due to improving life standards (such as use of several new personal
electronics).
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Figure 2. Electricity demand increase projection in Turkey from 2020 to 2050.


https://journals.sagepub.com/doi/suppl/10.1177/01445987221115814
https://journals.sagepub.com/doi/suppl/10.1177/01445987221115814

Kursun 199

Installable wind power potential (IWPC)

As discussed earlier 6-10 D spacing is applied in wind turbine farms for electricity generation with
optimum efficiency. Change of mean IWPC values calculated for 8D spacing with rising hub height
and shear exponent « is graphed and sensitivity results of mean IWPC to spacing, CP and aging are
presented in Figures 3 to 5, respectively.

Mean IWPC rises increasingly at higher hub heights due to faster wind speeds at higher altitudes
since IWPC is proportional to the third power of the wind speed. Furthermore, wind speed rise rea-
lizes at higher proportions (the power rule) with increasing shear exponent hence a sharper increase
in IWPC is observed. Mean IWPC calculated for 8 D can take values from 1.37 x 10° MW (at 100
m, a=0.1) to 4.18 x 10> MW (at 300 m, @ =0.25) with changing hub height and shear exponent
values. These results reveal the increase that can be achieved in exploited wind power via higher
hub height wind turbines and optimum site selection with higher a values.

IWPC is inversely proportional to the second power of rotor diameter D attributed to the D* term
in swept area calculation. Sensitivity analysis performed for 6D-10D range of spacing shows that
IWPC is more sensitive to decreases in spacing. The magnitude of IWPC rise from mean IWPC
value due to spacing decline is higher than the magnitude of IWPC decrease due to spacing rise
as can be seen from the rise and decline range of error bars from 8D mean in Figure 3. This tendency
reveals the necessity of possible minimum spacing selection for optimum wind electricity
generation.

Sensitivity results of mean IWPC to increase of current CP value of around 0.40 to 0.55 with
advancement in wind power technology in an approaching manner to Betz’s limit of 0.59 is pre-
sented in Figure 4. Change of CP from 0.40 to 0.55 can increase IWPC up to 37.5% for all
heights and shear exponent (o) values. However, if all else kept equal, contribution of CP rise at
higher hub heights and o values to IWPC increase will also be higher in absolute terms. For
instance, 1.37 x 10° MW mean IWPC value at 100 m when o is 0.10 increases to 1.89 X 10°
MW while 4.18 X 10° MW mean IWPC value at 300 m increases to 5.75 x 10> MW when o is
0.25. Hence, three-fold difference in exploitable wind power and observed variability in IWPC
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Figure 3. Sensitivity of mean IWPC at different hub height and o values to spacing.
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Figure 5. Sensitivity of mean IWPC at different hub height and o values to aging.

even at the same hub height point to the crucialness of considering changes in shear exponent in
wind power potential calculations.

Aging in wind turbines and parts causes efficiency decrease over time. 20 years being the
common lifetime for a wind turbine, 10 years is the time for replacement and maintenance of
these turbine parts. If all else kept equal, up to 16% efficiency decline can be observed for all
heights and shear exponent (o) values over 10 years. However, contribution of aging to efficiency
decline will be greater at higher hub heights and « values in absolute terms. This can be seen from
the greater range that error bars occupy as hub height and o increases in Figure 5. 1.37 x 10° MW
mean IWPC value at 100 m when « is 0.10 reduces to 1.15 x 10° MW while 4.18 x 10> MW mean
IWPC at 300 m decreases to 3.51 x 10> MW when a is 0.25. The reductions in IWPC emphasizes
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that renewals and maintenance on wind turbines to secure optimum electricity generation should be
performed not necessarily one in 10 years but at determined time intervals based on economical
return and replacement cost calculations.

Overall, our results convey that IWPC is most sensitive to the changes in spacing followed by
CP and then aging.

Electricity generation potential (EGP)

Sensitivity results of mean EGP to spacing, CP and aging are presented in Figures 6 to 8, respect-
ively. Having similar trends with IWPC, mean EGP also shows a sharper increase with rising hub
height and a values. 3.60 X 10° GWh mean EGP value at 100 m when « is 0.10 increases to 1.95 x
10° GWh at 300 m when « is 0.25 due to faster wind speeds at higher altitudes and larger o values.

As a function of IWPC, EGP is also more sensitive to decreasing spacing among wind turbines
as can be seen from the rise and decline range of error bars from 8D mean in Figure 6. For instance,
3.60 x 10° GWh mean EGP value increases to 6.40 x 10° GWh when spacing is 6D and reduces to
2.30 x 10° GWh when spacing 10 D. Absolute values of rise and decline in EGP becomes larger at
higher altitudes and o values due to sharper increase of wind speed. This is reflected in the broader
range of error bars observed in mean EGP bars of higher hub heights and o values.

Change of CP from 0.40 to 0.55 can increase EGP up to 37.5% for all heights and shear exponent
(o) values. However, if all else kept equal, contribution of CP rise at higher hub heights and o values
to EGP increase will also be higher in absolute terms as can be seen in Figure 7. 3.60 x 10° GWh
mean EGP value increases to 4.95x 10°GWh when « is 0.10 while 1.10 x10° GWh mean EGP
increases to 1.51 x10°GWh when a is 0.25. This observation emphasizes the importance of consid-
ering changes in shear exponent for accurate exploitable wind electricity generation calculations.

Figure 8 presents sensitivity of mean EGP to wind turbine aging at different hub heights and
shear coefficient values. Up to 16% decline can be observed for all heights and o values over 10
years in mean EGP. However, contribution of aging to electricity generation decline will be
greater at higher hub heights and « in terms of absolute values as can be seen in Figure 8. Mean

2.00E+06
1.80E+06
1.60E+06
1.40E+06
1.20E+06
o=
< 1.00E+06

© 8.00E+05
6.00E+05 -
4.00E+05 I i ‘
2.00E+05 { ] ‘ ]
0.00E+00 ' L .

a=0.10 a=0.14 a=0.20 a=0.25

2100m =150m 200 m 250 m =300 m

Figure 6. Sensitivity of mean EGP at different hub height and o values to spacing.
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Figure 8. Sensitivity of mean EGP at different hub height and o values to aging.

EGP of 3.60 x 10° GWh decreases to 3.03 x 10> GWh when « is 0.10 while mean EGP of 1.10 x10°
GWh decreases t0 9.26 x10° GWh when a is 0.25. Hence, the reductions in EGP reveals the import-
ance of appropriate timing for renewals and maintenance realized based on economical return of
increased electricity generation and replacement cost

Analysis results show that EGP is most sensitive to the changes in spacing followed by CP
and then aging as in IWPC. Being 2.30 x10° GWh the lower and 1.95 x 10° GWh the upper
bound for EGP, this is determined as the exploitable onshore wind electricity potential range
for Turkey. 1.09 x 10° GWh is the mean of the computed range and accepted as the limit
that wind power can provide to the Turkish electricity grid. And, considering that maximum
level of wind electricity requirement projected for 2050 is 4.23 x 10° GWh, the potential suf-
fices the requirement.
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Grid electricity environmental impacts

Table 4 presents lifecycle impacts calculated for 2020 electricity mix by multiplying impact coeffi-
cients of resources presented in Table 3 and their share in the 2020 mix, and summing them up. Of
the resources contributing to 2020 electricity mix, hard coal and natural gas are imported fossil
resources with high environmental impacts. Furthermore, local lignite has the highest environmen-
tal impact values except for OLDP. Hence, we analyze three situations; substitution of imported
hard coal, substitution of imported natural gas and lastly substitution of local lignite till 2040
and after 2040 substitution of both lignite and some portion of hard coal by wind power. In
2040, wind power share in the electricity mix is projected to reach 21.54% that means wind can
replace all lignite. With further increase in the years following 2040, wind can substitute lignite
and a second fossil resource hence rest of wind capacity increase is dedicated to hard coal
substitution.

Taking 2020 mix impact levels as 100%, changes in environmental impacts resulting from sub-
stitution of hard coal are presented in Figure 9. The sole substitution of hard coal shows that a
gradual reduction in all environmental impact categories is observed as wind power share increases
from 8.10% in 2020 to 28.26% in 2050. While the highest percentage reduction occurs in GWP
from 100% to 57.3%, the lowest percentage reduction occurs in OLDP due to close OLDP
values of hard coal and wind per kWh of electricity generation. Turkey can avoid 56.3 tons of
CO, equivalent of GHG emissions by 2030 corresponding to 22.9% of the commitment she
made under UNFCC through substitution of hard coal.

In substitution of natural gas by wind, lower reduction percentages are observed in GWP, EP,
AP and POCP impacts than substitution of hard coal as can be seen in Figure 10. OLDP reduces
from 100% in 2020 to 21.4% in 2050 since OLDP of natural gas per kWh electricity is 200
times higher than that of wind power creating this substantial reduction. While there is no signifi-
cant change in FWEP, HTP and TETP impacts increase because of higher impact values of wind
than natural gas. 26.2 tons of CO, equivalent of GHG emission mitigation can be achieved through
natural gas substitution by 2030 that forms 10.7% of the country’s commitment.

Of the three situations analyzed, substitution of lignite first and then hard coal creates the
highest percent reductions in all evaluated impact categories except for OLDP as can be seen
in Figure 11. This is due to lignite being the most polluting energy resource in the electricity
mix. Till 2030, only lignite substitution occurs and 59.7 tons of CO, equivalent of GHG emis-
sions can be avoided corresponding to 24.3% of 246 tons of CO, mitigation commitment
made by Turkey.

Table 4. Life cycle environmental impacts calculated for 2020 Turkish electricity mix.

Impacts of 2020 Electricity Mix

GWP (g CO, eq/kWh) 4.94E + 02
EP (g PO~ eq/kWh) 2.01E+00
AP (g SO, eq/kWh) 3.17E+00
HTP (g 1-4 DB eq/kWh) 2.44E +02
OLDP (g CFC-11 eq/kWh) 2.35E-05

POCP (g C;H, eq/kWh) |.76E-01

FWEP (g 1-4 DB eq/ kWh) 341E+02

TETP (g 1-4 DB eq/ kWh) .07E + 00
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Figure 10. % change of Turkish electricity mix environmental impacts with substitution of natural gas.

All in all, our results suggest that substitution of lignite and hard coal by wind power would
be the most feasible option in improving environmental performance of Turkish electricity mix.
Additionally, wind power can be an important resource to meet Turkey’s climate change
targets.

Economic aspects

Economic benefits acquired via substitution of two imported energy resources have been ana-
lyzed and presented in Figure 12. The results reveal that economic benefit of hard coal substi-
tution catches up with natural gas substitution as early as 2023 and surpasses thereafter. From
2021to 2050, hard coal substitution results in 10.85 billion $ currency gain whereas natural gas
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Figure 12. Economic analysis results of hard coal and natural gas substitution by wind energy.

substitution provides 7.93 billion $ gain for the same term. Hence, hard coal substitution
appears as a more advantageous option from economic point of view as in case of environmen-
tal impacts.

Beyond the direct economic benefits due to avoided energy resource imports, local jobs that will
be created in wind power sector (operation, construction, maintenance jobs and jobs that are related
to recycling of wind turbine parts) can create additional economic and social benefits for the
country. Additionally, carbon credit legislations to be put into practice can accelerate wider adop-
tion of wind power and create further benefits for Turkey.
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Conclusions

This work explores the rise in exploitable onshore wind power and electricity generation potentials
in Turkey due to technological advancement considering sensitivity of the potentials to spacing, CF
and turbine aging. Results show that 114 thousand MW wind power potential at 50 m can rise up to
418 thousand MW at 300 m. And, electricity generation can change in the range of 2.3 x 10°~1.95 x
10° GWh. IWPC and EGP are both found to be most sensitive to the changes in spacing followed by
CP and then aging. One major finding is that absolute values of changes in IWPC and EGP due to
spacing, CP or aging have higher magnitudes (higher sensitivity) at higher hub heights. This is
attributed to the higher wind speeds and corresponding rise in wind power potential at these
elevations.

In assessing wind electricity generation outcomes, it is important to acknowledge that all the tur-
bines operating will not have the same hub height, age, CP values and will not be subject to the
same local conditions (a). Additionally, all of the available capacity may not be utilized.
Hence,1.09 x 10° GWh wind electricity generation that is the mean of the computed wind electricity
potential range is assessed as the limit that can be provided to the Turkish electricity grid. And, con-
sidering that maximum level of wind electricity requirement projected for 2050 is 4.23 x 10° GWh,
the potential suffices the requirement for substitution of fossil resources.

Of the three energy resource substitution cases, substitution of lignite and hard coal by wind
power is determined to be the most feasible option in improving environmental performance of
Turkish electricity mix. This phenomenon is due to lignite being the most polluting energy resource
in the electricity mix. Also, this substitution provides the highest contribution to Turkey’s climate
change targets.

Economics wise, hard coal substitution results in 10.85 billion $ currency gain whereas natural
gas substitution provides 7.93 billion $ gain from 2021to 2050. Hence, hard coal substitution
appears as a more advantageous option from economic point of view. Additionally, local jobs
created in wind power sector and carbon credit mechanisms to be employed can create additional
economic and social benefits for the country.

Furthermore, our work can contribute the wind energy planning policies of Turkey and other
countries with the multiparameter covering structure it has.

Acknowledgements

I would like to thank Prof Dr Gokcen Ciftcioglu from Marmara University for the guiding discussions on envir-
onmental impact calculations part of this study.

Declaration of conflicting interests

This research did not receive any specific grant from funding agencies in the public, commercial or
not-for-profit sectors.

Funding

The author(s) received no financial support for the research, authorship, and/or publication of this article.

ORCID iD
Berrin Kursun https:/orcid.org/0000-0002-2111-4416


https://orcid.org/0000-0002-2111-4416
https://orcid.org/0000-0002-2111-4416

Kursun 207

Supplemental material

Supplemental material for this article is available online.

References

Abbasi T, Premalatha M, Abbasi TA, et al. (2014). Wind energy: increasing deployment, rising environmental
concerns. Renewable and Sustainable Energy Reviews 31: 270-288.
Akin S and Kara Y (2017). An assessment of wind power potential along the coast of Bursa, Turkey: A wind
power plant feasibility study for gemlik region. Journal of Clean Energy Technologies 5(2) :101-106.
Argin M and Yerci V (2017). Offshore wind power potential of the Black Sea region in Turkey. International
Journal of Green Energy 14(10):11-818.

Argin M, Yerci V, Erdogan N, et al. (2019). Exploring the offshore wind energy potential of Turkey based on
multi-criteria site selection. Energy Strategy Reviews 23(1): 33-46.

Arslan H, Baltact H, Akkoyunlu BO, et al. (2020). Wind speed variability and wind power potential over
Turkey: Case studies for Canakkale and istanbul. Renewable Energy 145:1020-1032.

Atilgan B and Azapagic A (2016). An integrated life cycle sustainability assessment of electricity generation in
Turkey. Energy Policy 93(1): 168-186.

Baris K and Kucukali S. (2012). Availability of renewable energy sources in Turkey: Current situation, poten-
tial, government policies and the EU perspective. Energy Policy 42:377-391.

Baunelos-Ruedas F, Angeles Canacho C, Rios-Marcuello S, et al. (2011). Methodologies used in the extrapola-
tion of wind speed data at different heights and its impact in the wind energy resource assessment in a region.
In: Suvire GO (eds) Wind Farm - Technical Regulations, Potential Estimation and Siting Assessment.
IntechOpen, pp. 97-114.

Bidaoui H, El Abbasi I, Bidaoui A et al. (2019). Wind speed data analysis using weibull and Rayleigh distri-
bution functions case study: Five cities northern Morocco. Procedia Manufacturing 32: 786-793.

Burton T, Jenkins N, Sharpe D, et al. (2011) Wind Energy Handbook. 2nd Edn West Sussex, United Kingdom.
WILEY.

Dai K, Bergot A, Liang C et al. (2015). Environmental issues associated with wind energy: A review.
Renewable Energy 75:911-921.

Demir N and Taskin A (2013). Life cycle assessment of wind turbines in pinarbasi-Kayseri. Journal of Cleaner
Production 54:253-263

Donmez AH, Karakoyun Y and Yumurtaci Z (2017). Electricity demand forecast of Turkey based on hydro-
power and wind power potential. Energy Sources, Part B: Economics, Planning, and Policy 12(1): 85-90.

Emeksiz C and Demirci B (2019). The determination of offshore wind energy potential of Turkey by using
novelty hybrid site selection method. Sustainable Energy Technologies and Assessments 36: 100562.

ENERCON (2022). Enercon E-82 E2 2.000. Available at: https:/en.wind-turbine-models.com/turbines/835-
enercon-e-82-e2-2.000#powercurve (Accessed March 9th, 2022).

Firtin E, Guler O and Akdag SA (2011). Investigation of wind shear coefficients and their effect on electrical
energy generation. Applied Energy 88(11):4097-4105.

General Directorate of Energy Affairs (GDEA) (2020). Turkey Wind energy potential atlas. Available at:
https:/repa.enerji.gov.tr/REPA/ (Accessed March 4th, 2022).

General Directorate of Energy Affairs (GDEA) (2021). Wind energy. Available at: https:/enerji.gov.tr/eigm-
yenilenebilir-enerji-kaynaklar-ruzgar (Accessed January 26th, 2022).

Gkantou M, Rebelo C and Baniotopoulos C (2020). Life cycle assessment of tall onshore hybrid steel wind
turbine towers. Energies 13(15): 3950.

Guinée JB, Heijungs R and Huppes G (2011). Life cycle assessment: Past, present and future. Environmental
Science and Technology 45(1): 90-96.

Huang YF, Gan XJ and Chiueh PT (2017). Life cycle assessment and net energy analysis of offshore wind
power systems. Renewable Energy 102(A):98-106.

International Standardization Organization (ISO) (2006). Life Cycle Assessment - Principles and Framework.
Geneva, Switzerland.


https://en.wind-turbine-models.com/turbines/835-enercon-e-82-e2-2.000#powercurve
https://en.wind-turbine-models.com/turbines/835-enercon-e-82-e2-2.000#powercurve
https://en.wind-turbine-models.com/turbines/835-enercon-e-82-e2-2.000#powercurve
https://repa.enerji.gov.tr/REPA
https://repa.enerji.gov.tr/REPA
https://enerji.gov.tr/eigm-yenilenebilir-enerji-kaynaklar-ruzgar
https://enerji.gov.tr/eigm-yenilenebilir-enerji-kaynaklar-ruzgar
https://enerji.gov.tr/eigm-yenilenebilir-enerji-kaynaklar-ruzgar

208 Energy Exploration & Exploitation 41(1)

Kaplan YA (2015). Overview of wind energy in the world and assessment of current wind policies in Turkey.
Renewable and Sustainable Energy Reviews 43:562-568

Karayel GK, Javani N and Dincer I (2022). Green hydrogen production potential in Turkey with wind power.
International Journal of Green Energy 1-10. Taylor and Frances ahead of print 07 May 2022. https:/doi.
org/10.1080/15435075.2021.2023882.

Kumar Y, Ringenberg J, Deparu S,S et al. (2016). Wind energy: Trends and enabling technologies. Renewable
and Sustainable Energy Reviews 53: 209-224.

Kursun B (2022). Role of solar power in shifting the Turkish electricity sector towards sustainability. The Clean
Energy Journal 6(2):1078-1089.

Manwell JF, McGowan JG and Rogers AL (2010). Wind Energy Explained: Theory, Design and Application.
2nd Edn Sussex, United Kingdom. WILEY.

Martineza E, Latore-Bielb JI, Jimenezc E et al. (2018). Life cycle assessment of a wind farm repowering
process. Renewable and Sustainable Energy Reviews 93: 260-271.

Meyers J (2011). Optimal turbine spacing in fully developed wind farm boundary layers. Wind Energy
15(2):305-317.

Organization for Economic Co-operation and Development (OECD) (2018). Greenhouse gas emissions.
Available at: https:/stats.oecd.org/Index.aspx?DataSetCode=AIR_GHG (Accessed March 6th, 2022).
Owusu PA and Asumadu-Sarkodie S (2016). A review of renewable energy sources, sustainability issues and

climate change mitigation. Cogent Engineering 3: 1167990.

Radmanathan K, Kamalakannan N, Sanjeevi Kumar P, et al. (2019) Conceptual framework of antecedents to
trends on permanent magnet synchronous generators for wind energy conversion systems. Energies 12(13):
2616.

Republic of Turkey Intended Nationally Determined Contribution (RTINDC) (2018) Available at: https:/
www4.unfccc.int/sites/submissions/INDC/Published %20Documents/Turkey/1/The_INDC_of TURKEY_
v.15.19.30.pdf (Accessed October 27th, 2021).

Republic of Turkey Energy Market Regulatory Authority (EMRA (2021). Turkish 2020 Natural Gas Sector
Report. Available at: https:/www.epdk.gov.tr/Detay/Icerik/3-0-94/dogal-gazyillik-sektor-raporu (Accessed
January 6th, 2022).

S and P Global (2022). Offshore wind: powering A net zero economy. Available at: https:/www.spglobal.
com/_assets/documents/ratings/research/100514969.pdf (Accessed May 3rd, 2022).

Siddiqui O and Dincer I (2017). Comparative assessment of the environmental impacts of nuclear, wind and
hydro-electric power plants in ontario: A life cycle assessment. Journal of Cleaner Production 164: 848-860.

SonE, Lee S, Hwang B, et al. (2014). Characteristics of turbine spacing in a wind farm using an optimal design
process. Renewable Energy 65: 245-249.

Sumair M, Aized T and Gardezi SAR (2021). Investigation of wind shear coefficients and their effect on annual
energy yields along the coastal sites of Pakistan. Energy Exploration and Exploration 39(6): 2169-2190.

Staffel I and Green R. (2014). How does wind farm performance decline with age? Renewable. Energy, 66:
775-786.

Tagliapietra S, Zachmann G and Fredriksson G (2019). Estimating the cost of capital for wind energy invest-
ments in Turkey. Energy Policy 131: 295-301.

Turkish Electricity Transmission Corporation (TEIAS) (2020) Turkish electricity production and transmission
statistics. Available at: https:/www.teias.gov.tr/tr-TR/turkiye-elektrik-uretim-iletim-istatistikleri (Accessed
January 6th, 2022).

Turkish Hard Coal Institution (THI) (2021) Turkish 2021 Hard Coal Sector Report. Available at: http:/
taskomuru.net/tr/whiseezu/2021/06/2020Y iliTaskomuruSektorRaporu.pdf (Accessed January 6th, 2022).

The Ministry of Foreign Affairs (MFA) (2020) Turkey’s energy profile and strategy. http:/www.mfa.gov.tr/
turkeys-energy-strategy.en.mfa. (12 June 2021 date last accessed).

Turkish Statistical Institute (TUIK) (2022a). Turkish population projections. Available at: https:/data.tuik.gov.
tr/Kategori/GetKategori?p=Nufus-ve-Demografi-109 (Accessed 26 January, 2022).

Turkish Statistical Institute (TUIK) (2022b). Turkey Electricity consumption statistics. Available at: https:/
data.tuik.gov.tr/Kategori/GetKategori?p=Cevre-ve-Enerji-103 (Accessed 26 January, 2022).


https://doi.org/10.1080/15435075.2021.2023882
https://doi.org/10.1080/15435075.2021.2023882
https://doi.org/10.1080/15435075.2021.2023882
https://stats.oecd.org/Index.aspx?DataSetCode=AIR_GHG
https://stats.oecd.org/Index.aspx?DataSetCode=AIR_GHG
https://www4.unfccc.int/sites/submissions/INDC/Published%20Documents/Turkey/1/The_INDC_of_TURKEY_v.15.19.30.pdf
https://www4.unfccc.int/sites/submissions/INDC/Published%20Documents/Turkey/1/The_INDC_of_TURKEY_v.15.19.30.pdf
https://www4.unfccc.int/sites/submissions/INDC/Published%20Documents/Turkey/1/The_INDC_of_TURKEY_v.15.19.30.pdf
https://www4.unfccc.int/sites/submissions/INDC/Published%20Documents/Turkey/1/The_INDC_of_TURKEY_v.15.19.30.pdf
https://www.epdk.gov.tr/Detay/Icerik/3-0-94/dogal-gazyillik-sektor-raporu
https://www.epdk.gov.tr/Detay/Icerik/3-0-94/dogal-gazyillik-sektor-raporu
https://www.spglobal.com/_assets/documents/ratings/research/100514969.pdf
https://www.spglobal.com/_assets/documents/ratings/research/100514969.pdf
https://www.spglobal.com/_assets/documents/ratings/research/100514969.pdf
https://www.teias.gov.tr/tr-TR/turkiye-elektrik-uretim-iletim-istatistikleri
https://www.teias.gov.tr/tr-TR/turkiye-elektrik-uretim-iletim-istatistikleri
http://taskomuru.net/tr/whiseezu/2021/06/2020YiliTaskomuruSektorRaporu.pdf
http://taskomuru.net/tr/whiseezu/2021/06/2020YiliTaskomuruSektorRaporu.pdf
http://taskomuru.net/tr/whiseezu/2021/06/2020YiliTaskomuruSektorRaporu.pdf
http://www.mfa.gov.tr/turkeys-energy-strategy.en.mfa
http://www.mfa.gov.tr/turkeys-energy-strategy.en.mfa
http://www.mfa.gov.tr/turkeys-energy-strategy.en.mfa
https://data.tuik.gov.tr/Kategori/GetKategori?p=Nufus-ve-Demografi-109
https://data.tuik.gov.tr/Kategori/GetKategori?p=Nufus-ve-Demografi-109
https://data.tuik.gov.tr/Kategori/GetKategori?p=Nufus-ve-Demografi-109
https://data.tuik.gov.tr/Kategori/GetKategori?p=Cevre-ve-Enerji-103
https://data.tuik.gov.tr/Kategori/GetKategori?p=Cevre-ve-Enerji-103
https://data.tuik.gov.tr/Kategori/GetKategori?p=Cevre-ve-Enerji-103

Kursun 209

Turkish Wind Energy Association(TWEA) (2020). Turkish Wind Energy Statistics Report July 2020.
Available at: https:/tureb.com.tr/eng/haber/turkish-wind-energy-statistics-report-july-2020/200 (Accessed
March 4th, 2022).

VESTAS (2022) Vestas V112-3.3. Available at: https:/en.wind-turbine-models.com/turbines/693-vestas-
v112-3.3#powercurve (Accessed March 9th, 2022).

Wang J, Zhang X and Zhang J. (2020). Optimal dynamic imperfect preventive maintenance of wind turbines
based on general renewal processes. International Journal of Production Research 58:6791-6810.

Watson S, Moro A, Reis V et al. (2019). Future emerging technologies in the wind power sector: A European
perspective. Renewable and Sustainable Energy Reviews 113: 109270.

Wiser R and Bolinger M (2019) 2018 Wind Technologies Market Report. Lawrence Berkeley National
Laboratory. Available at: https:/escholarship.org/uc/item/2tc1819g#main (Accessed March 1th, 2022).
Wiser R, Rand J, Seel J, et al. (2021) Expert elicitation survey predicts 37% to 49% declines in wind energy

costs by 2050. Nature Energy 6, 555-565.

Xua L, Panga M, Zhanga L et al. (2018) Life cycle assessment of onshore wind power systems in China.

Resources Conservation and Recycling 132:361-368.


https://tureb.com.tr/eng/haber/turkish-wind-energy-statistics-report-july-2020/200
https://tureb.com.tr/eng/haber/turkish-wind-energy-statistics-report-july-2020/200
https://en.wind-turbine-models.com/turbines/693-vestas-v112-3.3#powercurve
https://en.wind-turbine-models.com/turbines/693-vestas-v112-3.3#powercurve
https://en.wind-turbine-models.com/turbines/693-vestas-v112-3.3#powercurve
https://escholarship.org/uc/item/2tc1819q#main
https://escholarship.org/uc/item/2tc1819q#main

	 Introduction
	 Literature review

	 Background
	 Wind power in Turkey
	 Technology specifics and considerations in the study
	 Environmental and economic aspects

	 Methodology
	 Change of Turkish population and electricity demand
	 Wind power density, wind power potential and electricity generation
	 Wind power density
	 Installable wind power capacity
	 Capacity factor and wind electricity generation

	 Fossil resource substitution and electricity mix environmental impacts
	 Substitution of hard coal by wind
	 Substitution of natural gas by wind
	 Substitution of lignite and hard coal by wind

	 Economic aspects

	 Results and discussion
	 Electricity demand projection
	 Installable wind power potential (IWPC)
	 Electricity generation potential (EGP)
	 Grid electricity environmental impacts
	 Economic aspects

	 Conclusions
	 Acknowledgements
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


