Journal of Engineering Technology and Applied Sciences, 2018 e-ISSN: 2548-0391
Received 16 March 2018, Accepted 22 April 2018 Vol. 3, No. 1, 35-55
Published online 30 April 2018, Research Article doi: 10.30931/jetas. 407141

Citation: Akpmar,E. K., Akpinar, S., Balpetek, N., "Statistical Analysis Of Wind Speed Distribution of Turkey
As Regional". Journal of Engineering Technology and Applied Sciences 3 (1) 2018 : 35-55.

STATISTICAL ANALYSIS OF WIND SPEED DISTRIBUTION
OF TURKEY AS REGIONAL

Ebru Kavak Akpinarl*, Sinan Akpinarz, Nilay Balpetek1

! Department of Mechanical Engineering, Faculty of Engineering,
Firat University, 23279, Elazig, Turkey,
ebruakpinar@firat.edu.tr (corresponding author)

? Department of Physics, Faculty of Science
Firat University, 23279, Elazig
sakpinar@firat.edu.tr

Abstract

In this study, the statistical analysis of wind power density and wind speed distribution parameters of
the selected cities from seven region of Turkey was investigated using the hourly wind speed data
measured by the Turkish State Meteorological Service between 2005 and 2014. The Weibull and
Rayleigh distributions were used for modeling and the success of this modeling process was evaluated
according to the criterias of R%, RMSE and . The Weibull parameters and the Rayleigh parameters
were estimated analytically, and the mean wind speed and energy potential were determined based on
these parameters. At the Weibull distribution, the lowest mean wind speed and power density was
obtained as 1.73 m/s and 5.78 W/m’ in Adiyaman, respectively. The highest mean speed and power
density was determined as 2.95 m/s and 33.32 W/m? in Sinop. At the Rayleigh distribution, the lowest
and the highest mean speed and the power density was obtained as 1.72 m/s and 5.63 W/m’ in
Adiyaman, 3.06 m /s and 33.44 W/m” in Sinop, respectively. Generally, the highest mean wind speed
and power density values were determined in Sinop, and the lowest mean wind speed and power
density values in Adiyaman. According to statistical criteria in wind data analysis of Turkey, the
Weibull distribution was better than the Rayleigh distribution.

Keywords: Wind energy, statistically analysis of the wind energy potential, Weibull distribution,
Rayleigh distribution, Turkey

1. Introduction

Wind energy is regarded as a clean energy resource for the environment with its renewable
characteristic. It does not require any sort of transportation or high technology. Renewable
wind energy has some other advantages as well. It is abundant and free in the atmosphere, and



is a clean energy resource, which is easy to obtain and creates no environmental pollution.
Energy is also primary element of economic and social development in the world. Developed
and developing countries tend to include the use of renewable energy resources into their
future plans. These countries develop new technology in this field and increase their
investment in order to utilize their potential more effectively. The world will use renewable
energy instead of using fossil fuels in order to meet the demands of the world’s energy [1].

Theoretically, yearly wind potential of Turkey is very big, which is about twice as much as
the current electricity consumption of country. Turkey’s technical wind energy potential is
88,000 MW and its economic wind energy potential is about 10,000 MW. According to the
reports of State Electrical Studies Board, wind energy potential of Turkey is estimated as
around 120 billion kWh. Studies have showed that total wind energy potential of Turkey is
higher than its present thermal and hydraulic energy production. In Turkey, the available wind
energy power was 433.35 MW by the end of the year 2008; and it became1503.35 MW at the
end of 2010. The strong development of wind energy in Turkey is expected to be continued in
coming years. After all, it can be concluded that wind energy generation locations in Turkey
are all at low altitudes [2].

In general, wind power prediction methods are categorized into two groups: physical and
statistical. The first one implies physical considerations such as topography, terrains, local
temperature and pressure to estimate the wind field more accurately and, subsequently, the
energy potential. The later one, on the other hand, use statistical models in order to establish
the relationship between power and other variables as well as their historical and forecasted
values. Weibull distribution provides better fit to probability distributions compared to
Rayleigh model and analyzes the wind speed data by using statistical distributions. The
Weibull distribution (named after the Swedish physicist W. Weibull, who applied it when
studying material strength in tension and fatigue in the 1930s) provides a close approximation
to the probability laws of many natural phenomena. It has been used to represent wind speed
distributions for application in wind loads studies for some time. For more than half a century
the Weibull distribution has attracted the attention of statisticians working on theory and
methods as well as various fields of statistics [3]. In this context, over the last decade, some
researchers have performed the assessments of wind power in Turkey on the basis of
individual locations [4-18]. The wind energy density in many provinces and localities of
Turkey; Bilecik [4, 5], the western coast of Anatolia [6], Izmir [7], Iskenderun [8], Nurdagi-
Gaziantep [9], Kiitahya [10], Maden-Elazig [11], Agin-Elaz1g [12], Keban-Elaz1g [13], Elazig
and its close regions [14], Aksehir-Konya [15], Kirklareli [16], Maden, Gokceada, Canakkale
and Bozcaada [17], Antakya[l18], investigated and statistically analyzed using Weibull and
Rayleigh distributions. Two parameter Weibull distribution is used to model of many regions
of Turkey wind speed in recent year. The reason of using this method is very good fit wind
distribution [4, 7, 19].

Turkey is a country surrounded by the sea on three sides, connecting Asia and Europe and
therefore having a strategic position. The aim of this study was to calculate the wind energy
potential of the selected cities from the seven region of Turkey and to assess the efficiency of
electricity production by using the wind data recorded at the meteorological station.
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2. Wind speed data

There are 7 regions in Turkey. They are split into climate, location, human
activities/communication, etc. Turkey is bounded by four seas on three sides, spans a
relatively large region in Asia and Europe. Four regions were named after the seas bordering
them the Aegean, Black Sea, Marmara and Mediterranean. Three regions were named in
accordance with their location in the whole of Anatolia; Central, Eastern and Southeastern.

The wind data used in this study were measured and recorded hourly at the stations of the
Turkish State Meteorological Service at 10 m above ground level between 2005 and 2014.
The details of the studied cities (Adiyaman, Bursa, Elazig, Iskenderun, Karaman, Mugla and
Sinop) from seven regions of Turkey is given Figure 1 and Table 1. The wind data were
captured using a cup generator anemometer.

Figure 1. Location of the studied cities on Turkey map
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Table 1. The details of the studied cities

Station Region Latitude-Longitude Height of ground Air density
above sea level (m)  (kg/m’)

Adiyaman Southeastern Anatolia 38°17"N-37°46"E 669 1.145
Bursa Marmara 40°15"N-29°05"E 100 1.213
Elazig Eastern Anatolian 38°37"N-39°14"E 1015 1.104

Iskenderun Meditteranean 36°32"N-36°10"E 3 1.224

Karaman Central Anatolian 37°14"N-33°13"E 1250 1.076
Mugla Aegean 37° 15" N-28°22"E 646 1.148
Sinop Balack Sea 42°01"N-35°11"E 32 1.221

3. Theory of wind speed and wind power
There are several continuous probability density functions that can be used to model the wind
speed frequency curve by fitting long time series measured data. In wind power studies, the
Weibull and Rayleigh probability density functions are commonly used and widely adopted
[4-19]. Herein the Weibull distribution is used since the Rayleigh distribution is only a subset
of it.
3.1. Weibull and Rayleigh distribution of wind speed

The probability denstiy function of Weibull distribution that is a special case of generalized
gamma distribution for wind speed is expressed with Eq. (1).

7.0 = exp—=) (1)
CcC C C

where 1) is the probability of observing wind speed v, k the dimensionless Weibull shape
parameter and ¢ the Weibull scale parameter, which has its reference value in the units of
wind speed [4-18].

The cumulative distribution function of the Weibull distribution is calculated as below [7, 11]:
1%
F,(v) =1 -exp(()k) @)

Determination of the parameters of the Weibull distribution requires a good fit of Equation (2)
to the recorded discrete cumulative frequency distribution. Taking the natural logarithm of
both sides of Eq. (2) twice, gives

In{—In[1-F()|}=kin(v)-kin c (3)
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So, a plot of In{~In[1-F(v)] } versus In v presents a straight line. The gradient of the line is &
and the intercept with the y-axis is —k/n c.

The k values range from 1.5 to 3.0 for most wind conditions. Another distribution function
used in determination of the wind speed potential is Rayleigh distribution. This distribution is
a special case of Weibull distribution and validate situation where the dimensionless shape
parameter k of the Weibull distribution is assumed to be equal to 2. Probability density and
cumulative function of the Rayleigh distribution are given by Eqgs. (4) and (5), respectively,

2v %
L) = (Fexp(—=(=)*) 4)
c c
v
Fr(v) =1—€XP(—(Z)2) (5)
The mean v, and standard deviation ¢ of the Weibull distribution can then be computed from,

1
v, =cl'(1+ %) (6)

o=l He(-2]] o

where I'() is the gamma function [7].

Based on the Weibull distribution, the wind speed with the largest frequency is calculated
from Eq. (8)

Vo =c(l —%)1 Ik ®)

The maximum wind speed is given by [14]:

k+2

VaxE:c( k

m

W/ k 9)

When k=2 is taken in the above formulas, calculations are performed for Rayleigh
distribution [4-18].

3.2. Calculations of wind power
The wind power per unit area in any windy site is of importance in assessing of the wind

power projection for the power plants. The mean wind power density of the considered site
per unit area based on any probability density function can be expressed as [16],

P, =["PW)f(v)dv (10)
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It is well known that the power of the wind that flows at speed v through a blade sweep area A
increases as the cubic of its velocity and is given by

P(v) =%pAv3 (11)

where p is the air density for the studied site. The mean power density for the Weibull
distribution is obtained from Eq. (12) as follows

1 3
P =—pcT1+2 12
w5 PC ( k) (12)

where, I' is gamma function.

The mean power density for the Rayleigh distribution is determined by Eq. (13):

P, :%pv3m (13)

3.3. Statistical analysis of distributions

The coefficient of determination (R), chi-square (¥°) and root mean square error analysis
(RMSE) and were used as the primary criterion to select the best distribution to account for
the variation in the wind speed curves. Chi-square is the mean square of the deviations
between the experimental and calculated values for the distributions and was used to
determine the goodness of the fit. The lower are the values of chi-square, the better is the
goodness of the fit. The RMSE gives the deviation between the predicted and experimental
values, and it is required to approach zero. The R* also gives the ability of the model, and its
highest value is 1. These statistical values can be calculated as follows:

Z(yi—zi)2 —Z()ci—yi)2

R = ~ (14)
2 (yiziy’
Z(yi—xiY
S (15)
RMSE:{%i(yi—xi)z} (16)

where yi is the ith experimental data, zi is the mean value of the experimental data, xi is the ith
predicted data with the Weibull or Rayleigh distribution, N is the number of observations and
n is the number of constants [11-14].
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4. Results and discussion

In this study, wind speed data in the selected cities from seven region of Turkey, over a ten-
year period from 2005 to 2014 were analyzed. Based on these data, wind speeds analysed
were processed using Statistica statistical software and Fortran computer software.
Calculations in the whole regions were then made to obtain the Weibull and Rayleigh
distribution parameters in terms of k£ and ¢, mean wind speed and mean wind power. The main
results obtained from the present study can be summarized as follows:

The monthly mean wind speeds are illustrated in Figure 2. Table 2 shows the maximum and
minimum values of the monthly mean wind speed and also the yearly mean values for the
period of 2005 and 2014. The monthly and yearly mean wind speed values are mostly
between 1.0 and 4.0 m/s for the selected cities. The maximum value of the yearly mean wind
speed is 3.36 m/s in Sinop while the minimum value is 1.97 m/s in Adiyaman. In Elaz1g,
Mugla, Karaman and Bursa, the mean wind speed is mostly on 2 m/s and wind energy
potential is suitable for wind energy applications. In Iskenderun and Sinop, it is determined
that electricity generation from wind energy is suitable because the monthly mean speed is
mostly on 3 m/s. In Adiyaman, the monthly mean wind speed is about 2 m/s, is not suitable
for wind energy applications.

Table 2. The monthly and yearly mean wind speed values for the studied cities

The monthly mean wind The minimum The maximum The yearly mean wind

speeds speeds

Adiyaman 1.34 m / s in January of 3.09 m/s in June of 2008 1.97 m/s
2014

Bursa 1.50 m/s in November of 3.78 m/s in August of 2.53 m/s
2006 2013

Elazig 2.18 m/s in October 2009  3.85 m/s in March 2012 2.83 m/s
as

Iskenderun 1.68 m/s in November of 4.5 m/s in July of 2006 2.82 m/s
2012

Karaman 1.77 m/s in November 3.91 m/s in March 2008  2.64 m/s
2011

Mugla 1.39 m/s in March of 2.84 m/s in February of 2.23 m/s
2013 2005

Sinop 241 m/s in March of 4.28 m/s in February of 3.36 m/s
2013 2011
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Figure 2. Monthly mean wind speed for the period of 2005-2014
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In Figure 3, the diurnal variation of mean wind speed values is plotted. The lowest and
highest mean wind speed values at the diurnal variation are given Table 3. According to the
yearly average results, the wind speed is the lowest in Adiyaman, and is the highest in Sinop.
The diurnal wind speed has its minimum during the morning hours and its maximum during
the afternoon hours.

Table 3. The diurnal variation of mean wind speed

The diurnal variation of The lowest The highest The mean of

mean wind speed whole year

Adiyaman 0.59 m/s between the hours of 2.29 m /s between the hours of 1.48 m/s
04:00 and 05:00 in 2014 year 14:00 and 15:00 in 2005 year.

Bursa 0.97 m/s between the hours of 3.71 m/ s between the hours of 2.06 m/s
05:00 and 06:00 in 2005 year 14:00 and 15:00 in 2013 year.

Elaz1g 1.47 m/s between the hours of 3.35 m /s between the hours of 2.36 m/s
06:00 and 07:00 in 2014 year 14:00 and 15:00 in 2009 year.

Iskenderun 1.08 m/s between the hours of 3.81 m /s between the hours of 2.35 m/s
04:00 and 05:00 in 2012 year 14:00 and 15:00 in 2005 year.

Karaman 0.89 m/s between the hours of 3.55 m /s between the hours of 2.04 m/s
07:00 and 08:00 in 2006 year 15:00 and 16:00 in 2005 year.

Mugla 1.12 m/s between the hours of 2.82 m /s between the hours of 1.74 m/s
22:00 and 23:00 in 2014 year 13:00 and 14:00 in 2005 year.

Sinop 2.15 m/s between the hours of 3.89 m /s between the hours of 2.93 m/s

05:00 and 06:00 in 2006 year

13:00 and 14:00 in 2007 year.

The wind speed data in time-series format is usually arranged in the frequency distribution
format since it is more convenient for statistical analysis. Therefore, the available time-series
data were translated into frequency distribution format. The probability density distribution of
actual data and the theoretical frequency values calculated from the Weibull and Rayleigh
distributions are determined [8, 11-14]. The yearly probability density and the cumulative
distributions are seen in Figure 4 for ten years. It is seen that all the curves have a similar
tendency of wind speeds on probability and cumulative density.

The Weibull and Rayleigh approximations of the actual probability distribution of wind
speeds are shown in Figure 5, while a comparison of the two approximations is given in Table
4. In Figure 5, the probability distribution of the actual data, the Weibull probability
distribution, and the Rayleigh probability distribution are plotted versus the wind speed
according to the average of ten years data.
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Table 4. R?, RMSE and y values according to Weibull and Rayleigh distributions

A diy Weibull Da gl Rayleigh Dagilmm
Year R RMSE T R’ RMSE .
2005 0892 0.000103 0.000253 0.984 0.000104 0.000229
2006 0589 0000040  0.000122 0.968 0.000081 0000181
2007 0992 0000073  0.000178 0.985 0.000125 0000276
2008 0895 0000074  0.000181 0.984 0000124 0000273
2009 0586 0000101  0.000243 0.959 0.000128 0000279
2010 0871 0000037 0.000091 0918 0.000065 0000143
2011 0951 0000011  0.000028 0.916 0.000080  0.000182
2012 0885 0000032  0.000085 0971 0.000036  0.000082
2013 0550 0000040  0.000113 0.981 0.000042 0000097
2014 0852 0000025 0.000112 0981 0.000106 0000248

Buria Weibull Dagrhan Raylkigh Dagihen
Year R RAMSE I R RMSE T
2008 0877 0.000182  0.000455 0584 0000840  0.002080
2006 0976 0.000187 0000458 0.886 0.000915 0.002012
2007 08868 0.000082 0000197 0881 0000110  0.000240
2008 0885 0.002046 0.005001 0858 0.002090 0.004599
2009 0588 0.000077 0.000193 0984 0000106 0.000236
2010 0883 0.000105 0000256 0567 0.000200 0.000441
2011 0807 0.000018 0.000046 0984 0000114 0.000257
2012 0590 0.000059 0000144 0976 0000145 0.000320
2013 0865 0.000179  0.000447 0947 0.000269 0.000397
2014 0850 0.000305  0.000784 0850 0000309 0.000695
Ehng Webull Dazibmy Raykigh Dazihm
Year B RMSE T S RMSE T
2005 o7 0.000509 0.001204 0862 0.000971 0.002104
2006 0909 0.000707 0.001897 0844 0.001205 0.002630
2007 0841 0.000429 0001015 0871 0000841 0.002039
2008 0934 0.000479 0001150 05884 0000852  0.001860
2009 0509 0.000588 0001410 05885 0000744  0.001624
2010 0891 0.000638 0001489 0853 0000850  0.002046
2011 0875 0.000140 0000332 0854 0000263 0.000570
2012 0843 0.00302 0000713 0838 0000332  0.000720
2013 0858 0.000168 0000397 0562 0000202  0.000437
2014 0850 0.00236 0000558 0847 0000313 0.000679
Tskenderumn Weibull Distribution Rayleigh Distribution
Year R RMSE T R RMSE F
2005 0906 0.004171 0009732 0900 0000443 0.000954
2006 0824 0.006512 0000707 0817 0000340  0.000722
2007 0839 0.00(282 0000659 0919 0000374 0.000806
2008 0822 0.000403 0000952 0919 0000419  0.000908
2009 0922 0.000395 0000933 0919 0000412 0.000891
2010 0516 0.000435 0001029 0810 0000470  0.001017
2011 0994 0.000041 0000103 0957 0000295 0.000654
2012 0994 0.000037 0088250 0840 0000372 0.000806
2013 0895 0.000022 0051670 0966 0000175 0.000377
2014 0554 0.000026 0050140 0858 0000177 0.000378
Karaman Wedull Dagibm ___ RaykishDaiihmn
Year K RAISE z K RMSE 7
2005 0892 0030950 0070160 0842 0000249 0.000529
2006 0972 0.000150 0.000349 0569 0.000165 0.000356
2007 0839 0.000313  0.000741 0836 0000366 0.000705
2008 0963 0.000190  0.000444 0852 0000251 0.000542
2009 0965 0.000160  0.000394 0844 0000270 0.000582
2010 0874 0.000128 0000269 0868 0.000150 0.000324
2011 0881 0.000161 0000413 0880 0000173 0.000359
2012 0858 0.000085  0.000217 0569 0000221 0.000487
2013 0983 0.000041 0.099160 09863 0.000215 0.000470
2014 0989 0.06030 0000158 0870 0.000192 0.000419
Augla Weibull Dagihm Raykigh Daphm
Year R RAISE T S RMSE T
2008 0.930 0.000506 0001349 0929 0.000513 0001173
2006 0.900 0.000799 0002236 0875 0.00993 0002316
2007 0.981 0.000185 0000493 0952 0.000478  0.001092
2008 0.976 0000252 0000704 0961 0.000418 0000975
2009 0.985 0.000147  0.000378 0964 0.000344  0.000774
2010 0.975 0.000257 0.00072 0864 0.000420 0000979
2011 0.981 0000212 0000635 0934 0.000757 0001816
2012 0.953 0.000163 0000407 0963 0.00(367 0000815
2013 0.977 0.000243 0000647 0970 0.006317 0000725
2014 0.983 0.000188 0.000528 0976 0.000271 0.000632
Sinop Weibull Dagilm1 Rayleigh Daghmi
Year R RMSE x R RMSE .
2005 0982 0.000060 0000140 0969 0000107 0.000231
2006 0994 0.000016 0000036 0830 0000200  0.000439
2007 0969 0.000110 0000256 0966 0000120  0.000257
2008 0968 0.000066 0.000155 0.951 0.000069 0.000149
2009 096 0.000148 0.000340 0962 0.000147 0.000316
2010 0966 0.000128 0000298 0965 0000135 0.000290
2011 0937 0.000258 0000597 0831 0000284  0.000608
2012 0957 0.000191 0000446 0837 0000284  0.000612
2013 0961 0.000140 0000314 0955 0000164  0.000345
2014 0941 0.000237 0000547 0936 0000258 0.000352
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The values obtained according to Weibull and Rayleigh distributions of the statistical
parameters as R?, RMSE, and ” are given in Table 4. At the Weibull distribution, the R?
value is between 0.66-0.99 and at the Rayleigh distribution is between 0.65-0.98. As can be
seen in Table 4, the highest R? value is obtained by using the Weibull distribution. However,
the results have shown that the RMSE and y’values of the Weibull distribution are lower than
the values obtained for the Rayleigh distribution. As a result, the Weibull approximation is
found to be the most accurate distribution according to the highest value of R* and the lowest
values of RMSE and y”.

Figure 6 shows the monthly change in the R” obtained from the Weibull and Rayleigh
distributions for the selected cities using the ten-year data. The R” values are ranged from 0.89
to 0.99 in the Weibull distribution and 0.54 to 0.98 in the Rayleigh distribution. Because the
R? value is closer to 1 in the Weibull distribution, it is understood that the Weibull
distribution is more suitable for modeling the wind data for the studied cities.
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Figure 6. The change of R values obtained from Weibull and Rayleigh distribution to
months

The Weibull distribution parameters and the Rayleigh distribution parameters are given in
Table 5 and Table 6 according to years, respectively. Table 5 shows the yearly values of the
two Weibull parameters, the scale parameter ¢ (m/s) and shape parameter k (dimensionless),
calculated from the long term wind data for the studied site. The values of ¢ and & were
determined using the method described in Section 3.1 [6-18]. It is clear that the parameter k&
has a much smaller, temporal variation than the parameter c. In Weibull distribution, the range
of k is between 1.167 (Mugla in 2014) and 2.702 (Elazig in 2007), while the ¢ value varies
from 1.58 (Adiyaman in 2014) to 3.69 m/s (Sinop in 2007). In Rayleigh distribution, the
values of ¢ changed to 1.563 from 3.717 m/s. In Weibull and Rayleigh distribution, the lowest
value of the scale parameter is found in 2014 at Adiyaman, while the highest value is occurred
in 2007 at Sinop. The mean wind intensity and standard deviation values are important in
predicting shape and scale parameters. The monthly mean wind speed values v,, and standard
deviations o are presented in Table 5 and 6 for the studied sites. Most of the yearly mean wind
speed values are between 2 and 3 m/s, but only a few are over 3.0 m/s and under 2.0 m/s.
While Sinop in 2007 has the highest mean wind speed value with 3.276 m/s, at Adiyaman in
2014 exhibits the minimum mean wind speed value of 1.40 m/s. The maximum mean velocity
(Vmax) in the Weibull distribution ranges from 2.131 to 5.464 m/s and the mean power density
(P) ranges from 2.737 to 39.203 W/m’. In the Rayleigh distribution, V.. and P varies from
2210 to 5.257 m/s and 2.873 to 41.656 W/m’, respectively. The mean wind velocity is
determined between 1.725 and 2.95 m/s for Weibull distribution and 1.723 and 3.055 m/s for
Rayleigh distribution. At the Weibull distribution, the highest mean power density is 33.317
W/m? in Sinop and the lowest mean power density is 5.777 W/m® in Adiyaman. At the
Rayleigh distribution, the highest power density is determined as 33.443 W/m® in Sinop and
the lowest mean power density as 5.629 W/m” in Adiyaman. Generally, the highest mean
wind speed and power density values was determined in Sinop, and the lowest mean wind
speed and power density values in Adiyaman.
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Table 5. Weibull distribution parameters

Advaman

Year k c(mfy) o(my)
1.980 2120 0.990
1.865 2,037 1.007
1.814 2019 1.024
1.819 1.997 1.010
2142 2074 0.902
1.870 1.913 0.943
2170 1.957 0.841
1.959 1.900 0.887
1978 1.848 0.864
2182 1.581 0.677
1978 1845 0916

2,047 1857 1.302
1.989 1507 1.281
2630 2333 1.302
3.125 2768 1340
2554 2607 1.257
2583 2282 1.338
2.503 2227 1.288
2634 2343 1.360
2560 2554 1.490
2825 2303 1.280
2574 2337 1.324

2147 3127

2095 3.166

2113 3.436

2131 3189

2263 3764

2130 3834

2177 3818

2114 3.67

2148 3.436
k Vg (ms) Voo ()
1846 1660 4482
1823 1584 4375
1710 1658 4.358
1878 1514 4.001
1877 1832 4,045
1840 1791 4,001
1.636 1320 3.855
1.543 1169 3.042
1.665 1532 42690
16378 1563 2.527
1745 1653 3991
x @y Vumy  emy  Ve,my Vo.@s P vm)
1841 0 2504 1344 1845 4.065 17537
1741 2.5%9 2315 1371 1591 4.032 15676
2363 2583 2280 1.030 2046 3348 11200
2246 2466 2185 1.029 1597 3275 10157
2300 2533 2244 1.031 1981 3318 10755
2244 2.497 2211 1.042 1520 3316 10542
2416 2450 2180 0.961 1971 3.156 8515
2327 2.458 2178 0.693 1831 3.200 8778
2172 2399 2124 1.031 1506 3239 9615
1.167 2328 2061 1.895 1750 3.147 8505
2.093 2514 219 1173 1884 3411 11359

g

et et el ettt .
§B5EaREi
“98dE

-
L s
Sy L
i ‘1
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Table 6. Rayleigh distribution parameters

Adraman

2005 2119 0.981 1408 2997
2006 2038 0.944 1441 2883
2007 a0 0.936 149 2.859
2008 1999 0.926 1413 2.827
2009 2081 0.964 1472 1944
2010 1918 0.888 1356 2.713
2011 1953 0.905 1381 2.763
2012 1002 e 1345 2.601
2013 1840 0.856 1307 2.615
2014 1563 0.724 1.105 2210
mean 1844 0500 1375 2.750

Va(ms)  o(my Vase(ma) ?— m Pa mis)

1879 0.982 1499 7.674
1828 0.955 1458 2_01“ 7.062
2317 1211 1849 3698 14.385
2883 128} 227 1353 25,845
22 1178 1798 3597 13.240
2251 1177 1796 3593 13.184
2216 1.158 1.76% 3536 12.580
2328 .27 1858 3ne 14.593
2503 1.308 1997 3994 18.125
2512 1313 2004 4009 18.330
2204 1.199 1830 3.661 14.603

Ve@®) Vo (@3) P (Wm)

. 1944 3.588 15019
1.243 1508 3.707 13986
1.247 1504 3.809 14117
1.233 1882 3.765 13636
1.281 1056 isn 15300
1.268 1836 3.873 14846
1362 207 4158 18377
1334 2036 4.073 17266
1.358 2073 4.146 18208
1.284 1975 3.951 15765
1.289 19688 3.9376 15652

Va(ms  o(mm) Vams)  V_.(ms) B (Wm)

2.600 1359 2.075 4.150 20564
2.529 1.747 2.017 4035 18906
2.384 1.553 1.902 3.805 15848
2.378 1.545 1.897 3.795 15721
2402 1.577 1.917 3834 16216
2388 1.558 1.905 3Bl 1594
2.004 1199 1.671 3342 10744
2.058 1.157 1.642 3284 1018
2344 1.502 1.870 3741 15065
2430 1.627 1.947 3894 1698
2362 1.482 1.884 3.769 155616

T.m. Vs (m'3) i.-..‘a-u Pa(Wm)

207 1542 12413
1.204 1838 3 6"' 12344
0.926 1857 39014 5615
1.184 1807 3.615 11728
1.220 1876 3.753 13.127
1.259 122 3.845 14111
1.051 1605 3210 82109
1118 1.708 3417 9804
1.188 1813 3.627 11848
112 1712 3.426 0987
1.148 1508 3.617 10820
1.506
1.438
L2
1.616
1.617
2010 3.537 3.135 1.638
01 3.409 i.lol 1.621
01 3.466 3.0M2 1.606
2013 3.427 3.037 1.587
2014 340 3.005 1.618
mean 3.447 3.055 1.507
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5. Conclusion

In this study, the wind power density and wind speed distribution parameters of Turkey’s
seven regions were statistically analyzed using wind speed data measured between 2005 and
2014 years. Two probability density functions were fitted to the measured probability
distributions on a yearly basis. Performances of the probability models were compared to the
measured monthly and yearly wind speed values. Weibull and Rayleigh distributions were
used for modeling and the success of this modeling process was evaluated according to R
RMSE and y* parameters. The results can be summarized as follows:

(a) The yearly mean wind speed values were mostly between 1.97 and 3.36 m/s for
selected cities. The maximum value of the yearly mean wind speed was 3.36 m/s in
Sinop while the minimum value was 1.97 m/s in Adiyaman.

(b) At monthly basis, the lowest and the highest wind speed was determined as 1.34 m/s at
Adiyaman in January of 2014 and as 4.28 m/s in February of 2011 at Sinop,
respectively.

(c) At daily basis, the lowest and the highest wind speed was obtained as 0.59 m/s
between 04:00 and 05:00 hours in 2014 year at Adiyaman, as 3.89 m/s between 14:00
and 15:00 hours in 2007 year at Sinop, respectively.

(d) The Weibull model was generally better in fitting the measured yearly probability
density distributions than the Rayleigh model, to the statistical criteria such as R®,
RMSE and ¥ Therefore, it was concluded that it would be better to use the Weibull
distribution in the analysis of wind data of the selected cities.

(e) At mean yearly basis, according to the Weibull distribution, the lowest mean wind
speed and power density was obtained as 1.725 m/s and 5.777 W/m” in Adiyaman,
respectively. The highest mean speed and power density was determined as 2.95 m/s
and 33.317 W/m” in Sinop. According to the Rayleigh distribution, the lowest and the
highest mean speed and the power density was obtained as 1.723 m/s and 5.629 W/m’
in Adiyaman, 3.055 m /s and 33.443 W/m® in Sinop, respectively.

(f) As a result, monthly average power and yearly mean power densities in studied cities
were as small as 100 W/m?, so that it was not possible to support directly to the
network by wind energy systems, it can be used in applications where there was no
network access or in rural areas where low power density was required. It has been
decided that electricity generation from wind energy was suitable because the mean
speed on daily and monthly basis was usually 3 m/s.
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Nomenclature

p : Air density (kg/m’)
o : Standard deviations (m/s)
r : Gamma function

c : Weibull scale parameter (m/s)

f(v)  :Probability density function

f : Frequency of occurrence of each speed class
fr(v) :Rayleigh probability density function

fw(v) : Weibull probability density function

Fr(v) :Rayleigh cumulative distribution function
Fw(v) : Weibull cumulative distribution function

k : Weibull shape paramater
n : Number of wind speed classes
N : Number of hours in the period of time considered

P, : Mean power density (W/m?)

Pr : Mean power density calculated from the Rayleigh function (W/m?)
Py : Mean power density calculated from the Weibull function (W/m?)
RMSE : Root mean square error

R’ : Determination coefficient

7 : Chi-square

V : Wind speed (m/s)

Vw  : Mean wind speed (m/s)

Vimax : Maximum wind speed (m/s)

Vmea : Wind speed with the largest frequency (m/s)
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