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ABSTRACT

Information about wind characteristic together with the analysis of its potential are a key step when it comes to planning
and performance estimation of wind energy projects. In the current study, hence, a statistical analysis on wind energy
potential and wind characteristics over the coasts of the South Western Black sea is carried out. The aim is to determine
fields where wind force is strong and consistent for energy production along south western coasts of the Black Sea.
For this purpose, seven meteorological stations (Kumkdy, Sile, Akcakoca, Zonguldak, Amasra, Cide, Inebolu) from
west to east are selected, and 10 year wind data acquired from TSMS (Turkish Meteorological Service) measured
hourly at a height of 10 m were used. Annual, seasonal, monthly and diurnal average wind speed and power density
variations are evaluated at all stations, after which conclusions on dominant wind directions and frequency distributions
at all sites are made. Based on overall results, Amasra and inebolu indicated the highest potential of wind power among
the other sites with Amasra having about 159 W/m? maximum yearly average wind power density and about 1392
kWh/m?/year maximum yearly average energy density.
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Giiney Bati Karadeniz kiyilari boyunca riizgar gii¢ potansiyelinin
degerlendirilmesi

0z

Bir bolgenin riizgar karakteristiginin belirlenmesi ve onun potansiyelinin farkli acilardan analizi, riizgar enerji
projelerinin planlanmasi ve performans tahminlerinin yapilabilmesi i¢in gerekli olan en 6nemli adimdir. Bu ¢alismada,
Karadeniz’in giiney bat1 kiyilarmin riizgar karakteristiginin ve riizgar enerji potansiyelinin detayli istatistiksel analizi
gerceklestirilmigtir. Calismadaki hedef, Karadeniz’in Tiirkiye kiyilari boyunca enerji tiretimi i¢in riizgar giicii yliksek
olan uygun alanlar1 belirlemektir. Bu hedef icin, bahsedilen kiy1 seridinde riizgar lgiimlerinin gergeklestirildigi 7
meteorolojik istasyon secilmis ve istatistiksel analiz i¢in Tiirkiye Meteoroloji Genel Miidiirliigii tarafindan arsivlenmis
10 metre yiikseklikteki saatlik riizgar verisi (hiz1 ve yonii) 10 yillik siire boyunca temin edilmistir. Biitiin istasyonlarda
hakim riizgar yonleri ve frekans dagilimlari belirlendikten sonra yillik, mevsimlik, aylik ve giinliik ortalama riizgar hiz
ve giic yogunluk degisimleri de irdelenmistir. Biitiin sonuglara dayanarak, Amasra ve Inebolu lokasyonlarmin diger
alanlara kiyasla en yiiksek riizgar gii¢ potansiyeline sahip olduklari, Amasra’nin yaklasik 159 W/m? maksimum yillik
ortalama riizgar gii¢ yogunluguna ve yaklagik 1392 kWh/m?/y1l ‘lik maksimum yillik ortalama enerji yogunluguna
sahip oldugu belirlenmistir.

Anahtar Kelimeler: riizgar hizlari, riizgar gii¢ potansiyeli, Karadeniz’in giiney bat1 kiyilari
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1. INTRODUCTION

Supplying quality, consistent and sufficient quantity of
energy to communities is challenging. Although the
degree of concern differs in developed and undeveloped
countries, energy provision is still a big issue globally.
To meet demand of the growing world population, efforts
have to be put in place to find new ways of energy
generation [1]. Fossil fuels, including natural gas, coal,
oil and tar are now the basic energy sources worldwide.
The problem is that these fuels are non-renewable hence,
very limited and they are being depleted at an alarming
rate. With an increase in pollution, fossil fuels are also
extremely harmful to the environment [2]. The
sustainability of these energy resources is questionable
since they are finite in nature [1]. Proper management of
the available resources, reasonable consumption of
energy, and development of alternative energy sources is
therefore important to meet demands, reduce air
pollution and cut global warming [3].

Wind energy is the fastest growing alternative energy
source in the world competing with traditional energy
sources. This has been so due to low technology
production costs, concerns about energy security and also
an effort to solve environmental problems [4]. In order to
conserve energy resources and curb damage done to the
environment, therefore slowing down climate change,
wind power is the best option since it is clean and since
wind is free, after the turbines are erected the costs of
operation are almost nothing. Making wind energy is the
most affordable energy [5]. The kinetic energy in the
wind is converted to mechanical power by wind turbines,
after which the power can be used to pump water or
generate electricity with the use of a generator. The
stronger and more consistent the wind is, the more power
the turbines will produce [6]. Many countries around the
global including Canada, China, Denmark, Germany,
India, South Africa, Spain and the USA are using wind
energy. The World Wind Energy Association reported
that in 2012, wind power generation capacity had reached
a staggering 282.3 GW globally. Installed wind power
generation capacity in the world had increased from
1,280 MW to 44,799 MW for the period from 1996 to
2012 with a 19.2% growth annually [7].

In Turkey thermal power plants, which run on coal,
lignite, natural gas or fuel oil, produce most of the
electrical energy. Only a meager supply of electricity is
produced from renewable sources [8]. However, with 7.5
m/s in annual average wind speed, Turkey is rich in wind
energy potential that there is a possibility of
economically investing up to 48000 MW in power from
wind energy. Areas where annual wind speeds are 7 m/s
and above, possess wind power of at least 48.000 MW
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based on the 2007-Turkey wind energy potential atlas.
Moreover, areas with annual wind speeds of 8.5 m/s and
above possess at least 5000 MW wind power. It can
therefore be said with confidence that Turkey has 8000
MW available wind energy which could be utilized
efficiently and also 40000 MW available at a moderate
level [9]. The capacity of wind power in Turkey boomed
by 477 MW in 2011 reaching a total of 1806 MW in
installed wind power capacity. In 2012 the total capacity
reached 2312 MW with 506 MW from newly installed
power and in 2013, the total capacity climbed to 2959
MW with 647 MW new installations. Since 2010, the
amount of installed capacity grew by approximately 500
MW. The national transmission company estimated that
from 2013, annual installations would reach 1000 MW
per year [10].

Scientists in many regions around the global have been
conducting their studies on wind and its power potential.
Their main point of focus is the characteristic of wind
speed together with its capability to produce enough
power for various uses in a lot of countries [1-7], [11-19].
A study done by Mirhosseini et al. [ 18] is a good example
in which they carried out an evaluation and determination
of good locations to establish wind farms. In their study
conducted in five towns within Iran’s Semnan province,
they found out that, among the five locations, the town of
Damghan possesses a great potential for wind energy
production. The results were derived based on mean wind
speeds measured and Weibull distributions fitted at each
locations. In a study done by Ohunakin et al. [16], wind
characteristics inside the Nigerian North western
region’s seven meteorological points were examined.
They used 36-year wind speed data from 1971 to 2007
which was measured at a height of 10 m and later
subjected to Weibull distribution with two parameters.
Chandel et al. [4] did an assessment at 12 sites in
Himachal Pradesh, a Himalayan Indian city to find
potential locations for wind power farm development
together with giving vital input data for further studies on
wind power potential and mechanical operations to
policymakers in the region. Ammari et al. [19] analysed
wind power from mean monthly wind speeds knowledge
of a typical year, and for five different locations in
Jordan. They mentioned that the highly promising sites
having good wind energy potential were Aqaba and Ras-
Moneef, whereas, the desert sites of Safawi and Azraq
South had only moderate potential and Queen Alia
Airport had a lower potential. It can therefore be
confidently concluded that wind data analyses and good
wind energy potential assessment are the main
necessities for developing suitable wind power plants at
any location.

There haven’t been sufficient investigations on locations
with wind energy harnessing potential in Turkey despite
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a few studies conducted in recent years. The aim in this
current study is therefore to carry out an assessment and
discussion of wind energy potential for stations along
south western coasts of the Black sea. In this extent, this
study summarizes the comparisons of yearly, seasonal,
monthly, and diurnal wind speed variations at various
spots over the coasts of south western Black sea at 10
meters above the ground; Weibull parameter variations
(yearly, seasonal and monthly), characteristics of wind
speed, distributions of wind speed frequency (cumulative
frequency and probability density), alongside energy
density and wind power; and wind direction analysis for
the selected locations.

2. AREA OF STUDY AND DATA DESCRIPTION

The main area of focus in this study is at analysing wind
characteristics and potential of wind power for several
coastal locations where meteorological data are collected
along the south western Black Sea coasts. Figure 1 shows
topographic structure of the area of the interest and
distribution of the seven coastal locations (Kumkdy, Sile,
Akcakoca, Zonguldak, Amasra, Cide, and Inebolu
denoted in Figure 1 as W1, W2, W3, W4, W5, W6 and
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W7) along the south western Black Sea coasts. In the
figure, topographic data is presented in the log format to
indicate better presentation of orographic effect. A
statistical analysis was done on the data used provided by
the Turkish State Meteorological Service (TSMS). The
data was collected hourly over a span of 10 years for the
respective locations. All data at all locations have been
recorded using a cup anemometer by the TSMS. Table 1
presents information about the mentioned -coastal
locations in detail. As seen from the table, data at the
locations were recorded at an hourly interval. Most
locations have measurements for a 33-year long time
period. 10-year long (2004-2013) data, however, is used
here for a proper comparison because Cide location
include only the data in this range. Data from some hours
of some days was missing at almost all the locations with
Amasra being the location with the highest value of
missing data (12.8%) while Kumkéy and Inebolu
locations have the lowest missing data (about 0.8%).
However, it is observed that all locations have enough
data to assess and discuss wind characteristics and wind
power potentials of these locations.
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Figure 1. Topografic map of the area of the interest and locations of selected meteorological stations
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Table 1. Geographic coordinates and some characteristics of selected locations in the study

Locations  Notation Latitude Longitude Period of Temporal Missing data

record resolution (%)

of records

Kumkdy W1 41°15°01” N 29%02°18” E  1980-2013 1 hourly 0.9
Sile w2 41°10°07” N 29936°02” E  1980-2013 1 hourly 4.9
Akcakoca W3 41°05°22” N 31°08’14”E  1980-2013 1 hourly 2.0
Zonguldak W4 4126’57’ N 31°46°40”E  1980-2013 1 hourly 2.8
Amasra W5 41°45°09” N 32922°57”E  1982-2013 1 hourly 12.8
Cide W6 41°52°55” N 32956°51” E 2004-2013 1 hourly 7.2
Inebolu W7 4158’44’ N 33%45°48” E  1980-2013 1 hourly 0.8

3. THEORETICAL BACKGROUND

To evaluate wind resource availability at a given
location, wind power density calculation is commonly
used as the best way. It shows the energy amount
available at a location which a wind turbine is able to
convert into electricity [20]. The power of wind available
per unit area is known as the wind power density (P/A).
The calculation of P/A is as follows:

Lo
=—pV M
2

| N

where P is power given in Watts, p is average air density
in kg/m? (1.225 kg/m? at average atmospheric pressure at
sea level and at 15°C), A is an area perpendicular to wind
speed vector in m?, and V is wind speed given in m/s [18],
[21].

For a given time (T), as given in the equation (1) above,
density of wind energy can be estimated by using a given
wind power density [22]. For any period, wind energy
available can be calculated as below [23]:
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In areas that are prone to strong winds, knowledge
concerning frequency distribution of wind speeds has
importance besides information on wind power and
energy densities. If it is known wind speed in any area
fits which distribution, it is easy to obtain power potential
belonging to that area and also gather information on
whether the area is economically feasible or not. Having
a couple of important parameters which are able to
explain the nature of wind-range wind speed data is
necessary in the analysis of wind energy since there are
wind ranges in data acquired using different observation
methods. Using a function called probability distribution
for this process is the most straightforward and useful
method. The curve of wind speed frequency can be
described in many ways using functions of probability

576

density. Distributions for measured probability of wind
speed are generally fitted using Lognormal, Rayleigh,
and Weibull functions. Weibull in wind data description
is frequently preferred as a statistical distribution
describing data [15]. Besides, Akpinar and Akpinar [24]
showed that over a period of 12 months, Weibull
distribution gave improved power density estimates in all
months compared to Rayleigh based on a study
conducted in Turkey. Furthermore, they stated that, for
the entire year, measured monthly probability density is
better in fitting Weibull distribution than Rayleigh
distribution. Therefore, the function of Weibull
distribution was preferred and used in wind speed
frequency distributions assessment at different land-
based coastal locations in this study.

Compared to other statistical functions, two-parameter
Weibull probability is the most suitable, most used and
highly recommended distribution function because it
provides best fitting for monthly probability density
distributions in the analysis of wind speed data [25], [26].
The functions of cumulative distribution and probability
density are two parameters that characterize wind speed
variation in the Weibull distribution. Probability of a
given wind velocity (V) is indicated by a function called
the probability density (f(V)), while the wind velocity’s
probability being equal to V (or less than V) or within a
provided wind speed extent is given by the velocity’s
corresponding cumulative distribution function [17]. The
function of Weibull probability density is given below:

k(V = k
f@»=—(—) e 3)
C

c

In which f(V), k, and c¢ values are, respectively,
probability of wind speed (V) observed, dimensionless
shape parameter of Weibull, and Weibull scale parameter
(m/s). Using shape factor (k), a relationship between
scale factor (c) and mean wind speed can be established.
Thus determining uniformity of wind speed at any given
spot [17]. The probability of wind velocity being equal to
V (or less than V), on the other hand, is given by the
cumulative distribution function of wind velocity (V). As
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a result, the cumulative distribution (F(V)) comes from
an integration of the probability density function [27],

F)y=1-¢"" @

Two parameters are required in order to determine the
function of Weibull probability density namely: shape
and scale factors. To find k and c, analytical and
empirical methods shown below such as Justus formulas
are used [18], [24]:

- 1086
k= (—j &)
Vm

2.6674

Vo k
C =
0.184 + 0.816k>"*

(6)

Expressions given below can be used in the calculation
of mean wind speed (V) and the known wind speed data
standard deviation (o).
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The most probable value of wind speed (Vi) and
maximum energy carrying wind speed value (Vmaxe), on
top of the mean wind speed, are important wind speeds
for the estimation of wind energy. Vm, is the most
frequent wind speed for a specific wind probability
distribution and easily obtained from Weibull
distribution function’s scale and shape parameters as
below [22], [23]:

k-1 1/k
Vmp:‘f( i j ©
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Maximum energy carrying wind speed, expressed as
below, can also be calculated from Weibull distribution
function’s scale and shape parameters [23], [26]:

k+2)"
Vi =€ (10)
‘ k

4. RESULTS AND DISCUSSION

4.1. Wind characteristics

Long-term average wind speed’s annual variations gives
us a grasp about long-term wind speed pattern, it also
provides assurance to investors on amount of wind power
to be available for exploitation in coming years [3], [28].
Therefore, wind speed is the most significant feature of
wind resource. Not only month-wise or season-wise
distributions of wind velocity probability are needed to
explain the electricity volume available within a small-
sized power system, hourly probability assessment of
wind speeds is also required [23]. Consequently, for a 10-
year period at the chosen points, diurnal variations of
wind speed are essentially discussed. Illustrated in Figure
2 are the results. The diurnal variations of wind speeds
observed at Kumkoy, Sile, Akc¢akoca, Zonguldak, and
Cide are largely identical while Inebolu is contrary in
comparison to the rest of the other locations. The
variation range at Amasra is higher compared to the
others. From 9 a.m. to 6 p.m., during the day, wind
blowing was stronger while at night it was calm at all
locations except Inebolu where, conversely, it was windy
at night and calm during the day. Hourly average wind
speeds show an increase from around 6 a.m. reaching a
peak point between 12 noon and 3 p.m. at all locations
except Inebolu. Amasra recorded the highest value of
average wind speed at 3 p.m. during the study. TEIAS
[29] shows that electricity demand load duration curves
change significantly from 11 a.m. to 6 p.m. with high
energy demand and from 1 am. to 11 a.m. with low
demand. In addition, Karasu [30] proved that highest
demand occurs between 8 p.m. and 11 p.m. especially in
summer time. It is therefore concluded that at all
locations except Inebolu, wind characteristics comply
with the demand curve.
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Figure 2. Diurnal variations of mean wind speeds measured at 10 m height for selected locations

After discussing the diurnal wind speeds variations
observed at all selected locations, monthly wind speeds
variations are examined. The monthly average variations
of wind speed at all locations are presented in Figure 3.
Monthly average wind speed trends for all locations are
almost similar but their ranges are different. At all
locations mean wind speed decreases from January to
May, and then it increases from May to December. At
Kumkoy, Sile, Akgakoca, Zonguldak, and Cide,
fluctuations of monthly average wind speeds mostly vary
between 1.5 m/s and 4 m/s and at Amasra and Inebolu,
between 3.5 m/s and 5.5 m/s. It is also seen from Figure

3 for the coastal locations of Kumkdy, Sile, Ak¢akoca,
Zonguldak, Amasra, Cide, and Inebolu, maximum values
of monthly average wind speed vary between 1.98 m/s
and 5.37 m/s. These extremes are seen in January for
Kumkoy, Akgakoca, Zonguldak, Amasra, and Cide sites,
February for Sile location, and December for Inebolu
location. It is also very clear from the figure that Amasra
has the highest values of wind speed in all months, while
the second highest values are at inebolu location in all
months. The location having the lowest monthly mean
wind speeds during all months is Akgakoca.
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Figure 3. Monthly variations of mean wind speeds measured at 10 m height for selected locations

In the northern hemisphere, months are in most cases
split as follows for each of the 4 seasons: winter:
December, January and February; spring: March, April
and May; summer: June, July and August; and autumn:
September, October and November [25]. Therefore,
seasonal average wind speeds were computed using data
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of the months related to each season for each location.
Average wind speeds’ long-term seasonal trends
observed at all selected coastal locations are presented in
Figure 4. The figure shows that Amasra, in all seasons, is
a spot with the highest wind speeds. It has average wind
speeds of 5.24 m/s, 4.33 m/s, 4.09 m/s, and 4.51 m/s in
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winter, spring, summer, and autumn, respectively. Wind
speeds at all locations have highest values in the cold
season while having the lowest in summer for Kumkdy,
Amasra, and Cide sites and the spring for Sile, Akcakoca,
Zonguldak, and Inebolu locations. The same figure

A. Akpinar

shows that Amasra is very windy, with 5.24 m/s in
maximum seasonal average wind speed measured at 10
m above the ground in winter while having a minimum
of 4.09 m/s in summer.
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:
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2 30 —e—Zonguldak
E —o— Amasra
g 20 —*—Cide
S .
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2 1.0
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Figure 4. Seasonal variations of mean wind speeds measured at 10 m height for selected locations

Annual average wind speed variations measured at 10 m
for the chosen locations are presented in Figure 5. As
seen, for Amasra, Kumkdy, Cide, Sile, and Zonguldak
locations there are decreasing trends while annual trends
of Inebolu and Akgakoca locations increase. The
maximum mean wind speeds are observed as 3.93 m/s in
2005 for Kumkoy, 2.85 m/s in 2004 for Sile, 2.08 m/s in
2011 for Akgakoca, 2.53 m/s in 2010 for Zonguldak, 5.05

m/s in 2005 for Amasra, 3.08 m/s in 2005 for Cide, and
4.16 m/s in 2007 for inebolu. Yearly mean wind speeds
during the period of 2004-2013 vary between 1.85 m/s
and 4.59 m/s for these sites. These values are higher than
the mean values recorded for 7 years in Kumkdy and Sile,
for 6 years in Amasra and Cide, for 4 years in Zonguldak,
and for 3 years in Akgakoca and inebolu.

Mean wind speed (m/s)

0.0 T T T

—8—Sile

—=&— Akcakoca
—e— Zonguldak
—o— Amasra

——Cide

T T T 1
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 Yearly
mean

Years

' ' ' Inebolu

Figure 5. Annual variations of mean wind speeds measured at 10 m height for selected locations
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4.1.1.
speeds

Weibull parameters and characteristic wind

Table 2 presents variations of Weibull parameters (k and
¢), both monthly and annual at heights of 10 m at the
selected locations. Monthly Weibull shape parameter (k)
value is the lowest (1.23) at Cide in October and July.
This value is highest in June at Ak¢akoca with a value of
2.70. At Akcakoca, the lowest value (1.82 m/s) of
monthly scale parameter (c) is seen in May while Amasra
has the highest value of 6.34 m/s in January. There was a
fluctuation in yearly shape parameter values between
1.32 in Cide and 1.94 in Ak¢akoca while the yearly scale
parameter fluctuated between 2.16 m/s in Ak¢akoca and
5.40 m/s in Amasra. Based on these results, it is therefore

Assessment of wind power potential along the south western
Black Sea coasts

conspicuous that the shape parameter values have
relatively low variations compared to scale parameter
values (c). Table 3 shows variations of Weibull
parameters, both seasonal and annual for the picked sites.
The highest value of k, 2.59, is observed at Ak¢akoca in
summer while the lowest value, 1.26, is at Cide in autumn
as per the table. It is seen from the same table that the
highest value of ¢ is 6.19 m/s at Amasra in winter while
in spring, at Ak¢akoca, the lowest value of 1.95 m/s is
seen. Table 4 presents Weibull parameters’ yearly
average variations that clearly show Akcakoca has the
highest value of k in 2013 which is 2.33 while the lowest
is 1.21 seen in 2006 at Cide. In 2005 ¢ has the highest
value of 6.02 m/s at Amasra and its lowest being 1.78
m/s, noted at Ak¢akoca in 2005.

Table 2. Monthly variations of Weibull parameters for selected locations

Months Kumkéy Sile Akcakoca  Zonguldak Amasra Cide Inebolu
k c k c k c k c k c k c k c
(m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s)
January 1.55 454 166 3.01 164 234 175 3.16 1.69 634 147 390 187 5.03
February 127 3.77 162 3.15 153 231 160 3.13 161 6.18 140 3.67 1.61 4.64
March 1.60 3.75 177 288 1.67 2.05 1.75 283 159 573 141 374 154 443
April 1.70 3.19 194 268 214 196 174 264 148 521 133 3.14 151 4.05
May 1.79 268 207 246 260 1.82 190 241 143 447 142 263 154 3.80
June 1.98 256 236 247 270 203 197 248 148 4.61 134 296 180 4.44
July 2.02 268 246 261 266 215 1.84 271 132 508 123 322 192 4.62
August 1.91 293 253 281 249 226 196 271 159 493 129 313 196 4.74
September 1.79 335 228 293 225 229 193 277 1.60 531 127 328 196 483
October 1.77 349 197 295 202 217 180 2.69 147 535 123 3.08 196 4.68
November 1.43 4.06 1.82 278 196 2.17 1.69 278 1.64 542 129 324 198 5.02
December 1.77 4.07 1.69 275 160 230 169 299 171 6.04 141 383 195 5.19
Annual 1.55 344 191 280 194 216 1.76 278 153 540 132 332 177 4.63
Table 3. Seasonal variations of Weibull parameters for selected locations
Months Kumkdy Sile Akc¢akoca  Zonguldak Amasra Cide inebolu
k ¢ (m/s) k c k c k c k c k c k c
(m/s) (m/s) (m/s) (m/s) (m/s) (m/s)
Winter 1.50 4.14 1.64 297 159 232 1.68 3.09 167 6.19 143 381 1.80 497
Spring 1.62 3.22 1.89 267 200 195 1.77 263 148 516 134 3.17 1.52 4.10
Summer 1.95 2.73 243 263 259 214 191 264 145 489 128 3.11 1.89 4.60
Autumn  1.60 364 200 289 207 221 180 275 156 536 126 320 196 4.85
Annual  1.55 3.44 191 280 194 216 1.76 278 153 540 132 332 1.77 4.63

Table 5 summarises values of the wind speed carrying
maximum energy (Vmaxe) and most probable wind speed
(Vmp), both monthly and yearly. Highest Vinp and Vimaxe
yearly values, 2.89 m/s and 9.36 m/s, are seen at Inebolu
and Amasra, while the lowest, 1.12 m/s and 3.11 m/s are
observed at Cide and Akcakoca, respectively. A
fluctuation between 0.80 m/s and 3.73 m/s is seen in the
most probable wind speed value (Vmp), while the
maximum energy carrying wind speed (Vmaxe) fluctuates
between 2.27 m/s and 28.84 m/s. The lowest value for
most probable wind speed (Vinp) is 0.80 m/s seen at Cide
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in October while its highest value is in January at
Amasra. Ve has its highest value of 28.84 m/s in
September at Amasra and its lowest is 2.27 m/s in May
at Akcakoca.

Seasonal characteristic wind speed values for the picked
sites are given Table 6. Per the table, Amasra possesses
the highest value of V, in winter measuring 3.57 m/s, on
the other hand Cide has the lowest value in autumn
measuring 0.92 m/s. From the same table, it is clear that
Amasra has highest Vmae value in winter at 9.93 m/s and
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has the lowest value of 2.67 m/s in summer at Ak¢akoca. 2012, the lowest was 0.84 m/s at Cide in 2006. The table
Presented in Table 7 are yearly mean variations of  also shows Amasra in 2005 having the highest value of
characteristic wind speed values for locations selected. ~ Vmaxe at 10.95 m/s, while Akcakoca having the lowest
At 3.06 m/s, Inebolu saw the highest value of Vi, in  value in 2006 at 2.72 m/s.

Table 4. Yearly mean variations of Weibull parameters for selected locations

Months = Kumkdy Sile Akc¢akoca  Zonguldak Amasra Cide Inebolu
k c k c k ¢ k c k ¢ k ¢ k c
(m/s) (m/s) (m/s) (m/s) (m/s) (m/s) (m/s)

2004 1.28 4.07 202 332 183 197 1.63 298 150 599 128 3.66 193 428
2005 148 4.68 2.01 325 1.71 178 1.58 296 145 6.02 133 370 201 419
2006 149 435 194 323 184 183 1.51 271 138 565 121 350 1.94 4.05
2007 1.99 3.14 2.00 254 207 235 201 296 162 518 132 335 1.75 490
2008 1.97 319 1.62 267 197 226 190 289 1.61 524 130 3.19 1.78 4.77
2009 201 3.06 192 262 218 215 194 294 161 524 142 3.18 177 4.83
2010 1.80 3.07 2.06 254 197 225 191 297 1.62 520 136 327 1.66 4.85
2011 195 293 212 268 197 243 1.8 259 158 549 136 3.19 1.72 4.80
2012 1.94 298 214 264 211 238 1.84 252 157 522 137 3.16 1.79 483
2013 2.00 268 219 229 233 215 198 226 155 485 132 3.10 1.70 4.77
Mean 1.55 344 191 280 194 216 1.76 2.78 153 540 132 332 1.77 4.63

Table 5. Average monthly values of the characteristic wind speeds for selected locations
Months Kumkoy Sile Akcakoca Zonguldak Amasra Cide inebolu

Vmp Vmaxe Vmp Vmaxe Vmp Vmaxe Vmp Vmaxe Vmp Vmaxe Vmp Vmaxe Vmp Vmaxe
January 233 774 173 485 132 381 195 488 373 1005 181 698 333 743
February 1o 795 174 517 115 399 1.69 520 337 1022 150 690 255 7.64

March 203 623 180 442 118 330 174 437 3.07 955 155 7.01 225 7.59
April 190 504 18 385 146 266 161 409 242 930 111 625 196 7.10
May 1.70 408 1.79 341 151 227 1.63 352 193 824 112 487 191 6.54
June 1.80 364 195 320 1.71 249 173 354 216 820 1.06 586 283 6.74
July 191 377 211 332 180 266 176 405 174 1020 0.82 7.07 314 6.71
August 198 426 230 353 184 286 188 3.8 264 822 097 650 329 6.78

September 2.13 508 227 386 176 3.04 190 4.01 287 2884 096 692 335 693
October 217 536 206 421 155 305 172 407 247 957 080 674 325 6.71
November 1.76 7.48 1.79 418 151 311 164 440 306 &8l 101 6.72 352 714
December 254 623 161 438 124 382 175 475 361 951 160 7.17 359 7.46
Annual 1.76 587 190 406 149 311 172 428 268 936 112 6.69 289 7.10

Table 6. Average seasonal values of the characteristic wind speeds for selected locations

Months Kumkoy Sile Akcakoca Zonguldak Amasra Cide Inebolu

Vmp Vmaxe Vmp Vmax Vmp Vmaxe Vmp Vmaxe Vmp Vmaxe Vmp Vmaxe Vmp Vmaxe
Winter 1.99 7.27 1.68  4.81 1.24  3.87 1.80 4.93 3.57 9.93 1.64  7.03 3.17 1751
Spring 1.77  5.29 1.80 391 1.38  2.75 1.64 4.02 242 9.17 1.15 625 2.02 7.12
Summer 1.89 392 212 337 1.78  2.67 1.79 385 2.16 8.91 094 650 3.09 6.74
Autumn 1.96 6.06 2.04 4.08 1.61 3.07 1.75 416 279 9.08 092 679 337 694
Annual 1.76  5.87 1.90  4.06 1.49 3.11 .72 428 2.68 9.36 .12 6.69 2.89 7.10
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Table 7. Yearly mean variations of the characteristic wind speeds for selected locations

Months Kumkoy Sile Akcakoca Zonguldak Amasra Cide inebolu
Vmp Vmaxe Vmp Vmaxe Vmp Vmaxe Vmp VmaxE Vmp Vmaxe Vmp Vmaxe Vmp Vmaxe
2004 1.23 851 237 467 128 295 1.66 488 288 1053 1.13 7.59 294 6.18
2005 218 834 231 458 1.06 281 157 498 2,69 1095 129 740 298 5091
2006 205 772 223 465 1.19 272 132 473 220 1086 0.84 7.80 278 5.84
2007 221 445 1.80 359 171 326 210 416 286 852 1.14 6.75 3.01 7.58
2008 222 456 147 439 157 322 195 423 288 864 1.02 654 3.00 7.28
2009 217 431 178 380 1.63 290 2.02 423 287 855 135 592 301 742
2010 195 465 184 354 157 322 201 432 290 923 124 635 277 1782
2011 203 420 198 367 1.70 347 172 381 290 822 121 6.19 289 7.53
2012 205 429 196 359 176 327 164 376 272 882 121 6.12 3.06 7.34
2013 190 378 1.73 308 1.69 280 158 321 248 828 1.05 625 284 753
Mean 176 587 190 4.06 149 311 172 428 268 936 112 6.69 289 7.10
4.1.2. Weibull Parameters And Characteristic = percentage of speeds above 3 m/s is observed at Kumkoy,

Wind Speeds

The chunk of time for which given wind speed possibly
prevails at a location is illustrated using the probability
density function. Based on Figure 6, the peak of
frequency values for density function slanted toward
higher average wind speed values at all sites as expected.
It must be noted that the most frequent speed is indicated
by the peak of the curve of probability density function
[17]. It is observed from Figure 6 that the most frequent
wind speed which is expected at locations selected vary
between | and 3 m/s. The same figure shows that Amasra
and Inebolu, among the rest of the stations, show the
highest spread values of wind speed toward high wind
speeds. Time when wind speed is in a certain speed
interval can be estimated by cumulative distribution
function [16]. The frequency of annual probability
density and cumulative distributions of wind speed for
the picked locations obtained using the Weibull
distribution functions are illustrated in Figure 6. For cut-
in wind speeds lower or equal to 2.5 m/s, Kumkoy, Sile,
Akcakoca, Zonguldak, Amasra, Cide, and Inebolu have
frequencies of about 46%, 55%, 74%, 56%, 27%, 50%
and 29%, while for 3.5 m/s cut-in wind speed, the same
locations have frequencies of about 64%, 78%, 92%,
78%, 40%, 66%, and 46%, respectively.

Figures 7 and 8 represent seasonal wind speed probability
density and cumulative distributions obtained by using
10-year time series data for the locations selected,
respectively. Based on the curves, Sile and Zonguldak
seem to share the same tendency in cumulative density
and probability frequency. The same applies for Kumkoy
and Cide loations as well as Inebolu and Amasra, with an
exception at Akcakoca which is totally different from the
rest. It is concluded from these figures that Amasra site
is exposed to higher winds, followed by Inebolu. This
tells us that wind farms to be established at these
locations, compared to the other locations, are therefore
expected to harness more energy. Wind availability
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Sile, Akg¢akoca, Zonguldak, Amasra, Cide, and Inebolu,
respectively, in summer season with 30%, 25%, 19%,
28%, 61%, 38%, and 64%, in spring season with 73%,
54%, 32%, 28%, 64%, 39%, and 54%, in autumn season
with 48%, 34%, 15%, 31%, 67%, 40%, and 68%, and in
winter season with 54%, 36%, 22%, 39%, 74%, 49%, and
67%.
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Figure 6. Frequency and cumulative frequency distributions of wind
speeds measured at 10 m height at selected locations

4.2. Wind Power And Energy Characteristics

Diurnal wind power density variations shown in Figure 9
for the locations are the similar to that of average wind
speed presented in Figure 2. Trends of wind power
density variations at Kumkdy, Sile, Akgakoca,
Zonguldak, and Cide are very much alike while different
at Inebolu compared to the other locations. The wind
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blowing at all locations, for all years, was strong between
9 a.m. and 6 p.m during the day except at inebolu. Over
the study period, 246.32 W/m? was the highest value in

A. Akpinar

average wind power density observed at Amasra at 3
p.m., throughout the day, this site has the highest power
generation potential.
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Figure 7. Seasonal wind speed frequency distributions for selected locations
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Figure 9. Diurnal variations of mean wind power density for selected locations

Shown in Figure 10 and Figure 11 are monthly and
variations of seasonal average power density measured at
10 m above the ground. These variations, as assumed,
have similar trends as the average wind speed presented
in Figure 3 and 4. In this region, monthly average power
density extends from 3.87 W/m? in May at Akgakoca to
222.92 W/m? in January at Amasra. Followed by inebolu

in terms of wind power density, in all seasons throughout
the year, Amasra has the highest. Generally, there is a
similarity in wind power potential for Zonguldak,
Akgakoca and Sile in all months of the year and seasons.
However, Akgakoca is one location that show the lowest
energy potential.
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Figure 10. Monthly variations of mean wind power density for selected locations
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Figure 11. Seasonal variations of mean wind power density for selected locations
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The characteristic pattern of the average monthly energy
density and power density seem to follow the same path.
In this region, there is a range from 2.88 kWh/m? in May
at Akgakoca to 165.85 kWh/m? in January at Amasra in
monthly average power density. Table 8 shows that
among the seven stations, Ak¢akoca shows the lowest
wind energy density while Amasra has the highest. There
is a range from 8.69 W/m? at Akgakoca to 158.86 W/m?
at Amasra in yearly average wind power density, and
1.85 m/s at Akgakoca and 4.54 m/s at Amasra in yearly
average wind. Likewise, Amasra has 1391.61 kWh/m?,

A. Akpinar

which is the highest yearly average energy while
Akcakoca has the lowest value of 76.12 kWh/m? as per
Table 9. Akpinar [11] demonstrated that the wind energy
potential increases from east to west in the north-east part
of Turkey, and also, Sinop is the most convenient spot for
wind energy farm establishment in this region. Mean
wind energy density of Sinop site is reported to be 374.38
kWh/m?. This trend does not continue in the north
western Turkey, but there are available higher potential
areas than that in the north eastern Turkey.

Table 8. Monthly variations of mean wind energy density (kWh/m?)

Months Kumkoy Sile Akcakoca Zonguldak Amasra Cide inebolu

January 72.15 19.12 9.72 20.32 165.85 45.15 76.36
February 49.36 19.94 9.11 20.13 149.49 35.57 63.34
March 38.81 15.57 6.49 14.60 132.62 42.34 64.63
April 21.86 11.06 4.10 11.93 106.26 27.51 48.74
May 13.53 8.55 2.88 8.48 73.73 15.32 40.88
June 10.32 7.45 3.86 8.69 74.54 22.35 51.26
July 12.34 8.73 4.87 12.68 126.34 34.18 56.21
August 17.14 10.65 5.85 11.74 86.12 28.47 59.38
September 25.99 12.74 6.52 12.44 102.56 31.72 61.87
October 30.35 15.11 6.47 12.51 122.82 29.40 57.70
November 59.03 12.89 6.22 14.12 103.19 29.99 69.21
December 45.36 13.91 9.84 18.48 143.53 4481 81.78
Annual 395.08 156.10 76.12 166.79 1391.61 385.70 731.72

Table 9. Annual wind characteristics for selected sites over the period
of 10 years

Locations Annual Annual Annual
mean mean energy
wind power (kWh/m?)
speed density
(m/s) (W/m?)
Kumkaoy 2.90 45.10 395.08
Sile 2.39 17.82 156.10
AKkcakoca 1.85 8.69 76.12
Zonguldak 2.36 19.04 166.79
Amasra 4.54 158.86 1391.61
Cide 2.76 44.03 385.70
inebolu 3.94 83.53 731.72

Mean power density yearly variations at 10 m height for
the sites are given in Figure 12. The annual mean power
density variations, expected, follow a trend similar to the
average wind speed (see Figure 5). As can be seen, for
Amasra, Kumkoy, Cide, Sile, and Zonguldak locations
there are decreasing trends while annual trends of inebolu

SAU Fen Bil Der 20. Cilt, 3. Sayi, s. 573-589, 2016

and Akcgakoca locations increase. The maximum mean
wind power densities are observed as 113.12 W/m? in
2005 for Kumkdy, 28.21 W/m? in 2004 for Sile, 12.48
W/m? in 2011 for Akgakoca, 25.01 W/m? in 2005 for
Zonguldak, 231.95 W/m? in 2005 for Amasra, 58.66
W/m? in 2006 for Cide, and 103.53 W/m? in 2010 for
Inebolu. Yearly mean wind power densities during the
period of 2004-2013 vary between 8.69 W/m? at
Akcakoca and 158.86 W/m? at Amasra. All these results
indicate that Amasra site possesses the highest wind
energy potential, followed by Inebolu site.

4.3. Wind Direction Analysis

When it comes to wind farm establishment locating in an
area, wind direction plays a very important role in wind
energy use possibility assessment and optimal
positioning of a wind farm. The estimation done and
mentioned above has been made without inducing wind
direction impact in the wind speed distribution. Wind
roses are plotted showing wind data which is collected
after evaluating wind direction frequency falling within
individual directional sectors in this section [18]. A wind
rose show a brief and clear view of the frequency
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distribution of wind speed and direction at a specific
location. It gives information about a period of time in
hours within which wind remained in a specific direction
and wind speed bins. That is to say, respective wind
speed information in various directions is given by the
wind rose. In order to plot the wind roses, wind speed
measurements along with their matching directions are

Assessment of wind power potential along the south western
Black Sea coasts

used. Wind roses are also referred to as meteorological
fingerprints because just like the speed of wind, they
change from one point to another. For this reason, wind
roses have to be carefully read and understood before
installation of wind power generating machines. The
machines have to be installed against the direction which
has largest share of wind [12].
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Figure 12. Annual variations of mean wind power density for selected locations

Wind roses and frequency distribution were plotted and
analysed using all wind speed time series data and wind
direction for each and every station. Figure 13 shows that
wind speed roses stayed at various speed pins at 10 m
above the ground for all seven locations. As the figures
illustrates, there is a predominant blow of wind from
southeast (SE), north (N), south-southeast (SSE),
southeast (SE), south-southeast (SSE), south-southwest
(SSW), and south (S) at Kumkdy, Sile, Akgakoca,
Zonguldak, Amasra, Cide, and Inebolu, respectively.

5. CONCLUSION

The potential of wind power and its characteristics for
coastal areas along the south western Black sea are
investigated in this study. Using the function of 2-
parameter Weibull distribution, for the purpose of
characterizing wind energy resource, a detailed analysis
has been carried out on 10-year wind data for each
station. Firstly, an investigation on diurnal, monthly,
seasonal, and yearly average wind speed was carried out.
Then power and energy densities were also investigated
at the seven selected locations in north-west Turkey.
Weibull parameters have been discussed followed by
characteristic wind speeds and then seasonal and annual
wind speed frequency distribution variations, after which
an analysis of wind direction has been conducted.
Summarized below are crucial outcomes from the current
study.

v During the period of 2004-2013, annual average

wind speeds vary between 1.85 m/s and 4.59
m/s for locations selected. Yearly maximum
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energy carrying wind speed values for the above
locations vary between 3.11 and 9.36 m/s.

v Weibull shape parameter’s (k) average yearly
value is between 1.32 and 1.94, while the yearly
scale parameter (c) value is between 2.16 and
5.40 m/s.

v' The yearly average wind power density
fluctuates from 8.69 W/m? at Akgakoca to
158.86 W/m?> at Amasra, while the yearly
average wind ranges between 1.85 m/s at
Akgakoca and 4.54 m/s at Amasra. The resource
of wind energy in south western coasts of the
Black Sea is therefore considered weak based
on the data used in this study. However,
generation of energy from wind is still
promising in this region for small-scale
applications which operates at wind speeds
below 5 m/s [31] at the moment and large-scale
applications in the future with the development
of advanced technology in wind turbine
industry.

v' Winds blowing from the southeast (SE), north
(N), south-southeast (SSE), southeast (SE),
south-southeast (SSE), south-southwest (SSW),
and south (S) at Kumkdy, Sile, Akgakoca,
Zonguldak, Amasra, Cide, and Inebolu,
respectively, throughout the years of study were
predominant.

In conclusion, a wind farm established at Amasra

would likely produce more power compared to the

other sites. Moreover, Amasra is able to consider,
followed by Inebolu, the most suitable for the
development of wind energy among the rest of
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locations on the northern coasts of Turkey in the
Black sea (Table 9).
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