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ABSTRACT

Estimating wind energy potential and wind speed frequency are important for planning wind energy
conversion plants. Probability distribution functions are utilized to model wind speed distributions.

In this study, an estimation was model designed by using the least squares method to predict the wind speed
density with the Burr distribution, which has not been studied before. To confirm this model, the annual data
of eight different weather stations were analysed, and the results were compared with the Weibull distribution
model, which is the most popular one in the literature. For predicting the parameters of both models least
square method and maximum likely methods were used. Regarding the comparison results, the performance
of designed estimation model (Burr LSM) is higher than the Weibull distribution models, especially for the
locations with higher average wind speeds. The results show that the Burr LSM is better than the others for
seven of eight weather stations in terms of the power density.

Keywords: Burr probability distribution function, forecasting, modelling, probability distribution functions,
wind energy potential, wind speed distribution.

Highlights:

e Formulas to determine the Burr distribution parameters of a and b based on the least squares method with
increasing values of k were given for the first time in the literature.

e Frequencies obtained from Burr.pdf LSM (Burr probability density function - Least Squares Method)
were compared with the measured wind speed frequencies and Weibull model.

e Wind power densities obtained from Burr.pdf and W.pdf were compared with the measured wind power
densities.

1. INTRODUCTION

Wind energy is attractive for investors as one of renewable energy sources to increase
incomes at a crucial time when fossil fuel reserves rapidly diminish, while demands for energy
gradually increases. Thus, investors are forced by this phenomenon to seek alternative energy
sources not only for enhancing sustainability but also for avoiding environmental pollution as
well [1]. Today it is an obvious fact that energy consumption tends to increase due to
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technological developments, population growth, and increasing living standards. Being one of the
fast-growing country, Turkey’s electrical energy demand also grows by about 8 % each year [2].
To meet the energy demands of Turkey, therefore, power capacity should be increased. The
installed power capacity of Turkey by sources for last 5 years is given in Table 1. In Turkey, the
installed wind power was about 4,561 GW by the end of year 2015 [3, 4], yet now Turkey’s wind
energy potential is 48 GW. Hence the market opportunity for wind energy investors is higher in
Turkey.

Characterization of the wind speed is important for the investments in this area, as well as for
the utilization of this tremendous wind energy source [1]. To get this, wind speed measurements
must be made every year. Calculation and analysis of the wind speed distribution, assessment of
wind energy potential and forecasting wind energy are important for identification and design of
wind farms [1, 5].

Thus, distribution functions related to the wind speed frequency provide vital information for
wind energy applications [1, 5]. There have been many studies on distribution functions and wind
energy potential [1, 2, 4, 5, 7-11]. Feasibility of installing wind turbines and estimating wind
power potential have been investigated for Turkey [2, 7-12], Greece [13, 14], Germany [15], Italy
[5], Spain [16], Iran [17- 23] and Saudi Arabia [24, 25]. Particularly studies on probability
distribution and Weibull distribution can be divided into three categories. Studies in the first
category are mainly on the wind speed frequency characterization and estimating wind energy
potential. In the second category, modifications of Weibull distribution (or other distribution
functions) are performed. [25], and the estimations of distribution parameters are considered as
the third category [9, 11, 27, 28].

Table 1. Installed power capacity of Turkey by sources [3, 6]

Installed Power Capacity 2011 2012 2013 2014 2015
Thermic Energy 33931.1 35027.2 38648 41800.7  41848.6
Hydraulic Energy 17137.1 19609.4 22289 23640.9  26137.2
Wind Energy 1728.70 22605  2759.60 3629.7 4561.4
Geothermal Energy 114,20 162.2 31080  404.9 979.8
Solar Energy -- - - 40.18 327.6
Sum 52911.1 57059.4 64.007.5 69516.4  73854.6

Weibull distribution model is commonly used for the wind speed distribution analysis, but
many of data obtained from weather stations show that values were incorrectly estimated. For
example, the high number of calm sample values and bimodal sample values cannot be analysed
for a true estimation [29]. Thus, various probability density functions are used for better solutions.
Burr distribution model is one of promising models but with the distribution parameters (shape
and scale), it is hard to predict [5,16].

In this study, least squares method (LSM) was used to calculate Burr distribution parameters
as a new approach. The formulas were proposed to predict Burr distribution parameters with this
method (Burr.pdf LSM). As most used distribution models, Weibull [9, 11, 27, 28] and Burr
probability density functions were evaluated and compared, while modelling wind speed
frequency was used with the data of eight different weather stations: Karabiik City Centre as
residential potential, Zonguldak as a Black Sea coast, Osmaniye as a Mediterranean Sea coast,
Soke weather station in Aydin [33], Karabiik Kahyalar an efficient point in Karabiik zone, Loras
weather station located on the Mountain Loras in Konya [34], Mersinkoy as a Aegean Sea coast
in 1zmir and Gelibolu weather station just below the Marmara Sea [35]. These stations are located
at different distances throughout Turkey.
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First, mathematical models of Weibull and B urr distribution functions were introduced. As a
new approach, the formulas of Burr.pdf LSM were proposed to predict Burr distribution
parameters with least squares method. Also, the prediction method of model parameters was
described. Then the data of eight weather stations were used to estimate the distribution
parameters. And the wind power density generated by the model of probability density
distribution functions were compared with real data, which were obtained from the weather
stations. Then, distributions of Weibull and Burr are evaluated according to the coefficient of
determination (R?) and root mean square error (RMSE). The results show that Burr LSM is better
than the others for seven of eight weather stations in terms of power density. And root mean
square error (RMSE) results show that Burr LSM is better than the others for five of eight weather
stations in terms of wind speed distribution. Also wind power densities of eight locations were
estimated with both models, and it has been found that Burr LSM is better than Weibull LSM
except Gelibolu station. Therefore, Burr LSM can be considered a new model to estimate wind
Energy potential.

2. MATHEMATICAL MODELLING
2.1. Weibull Probability Distribution

Weibull probability distribution function is known through the descriptions; f(v) is probability
related to the wind speed data; k is dimensionless shape parameter; c is scale parameter (m/s) and
v is observed wind speed data as seen below [1];

f) = %(‘_’)k_l exp (— (E)k) ,  k>0,¢>0,v>0 1)

c

Commonly used techniques for parameter estimation are least squares method (LSM) and
maximum likelihood method (MLM) [1, 9, 28].

2.1.1. Least Square Method (LSM)

The least square method (W.pdf LSM, Burr.pdf LSM) and maximum likelihood method
(W.pdf MLM, Burr.pdf MLM) are used to predict the Weibull distribution parameters and Burr
distribution parameters as well.

LSM is one of the most common method in statistical estimation field [9, 16, 28]. The
cumulative distribution function of two-parameters W.pdf is represented F; cumulative frequency,
with v; wind speed intervals at i" position [16, 28]. Eq. (3) is obtained by taking logarithm Eg. (2)
as linearized form. To minimize squares of error sum, which is seen on Eq. (4), Weibull
distribution parameters k and ¢ can be calculated by Eq. (5) and Eg. (6) [9, 28].

N
F(v;)) =1—exp [— (%) ] -
Ln(=In(1-F())) = —kInc + klnv; ®
2

Ly [In(=1n(1 = F())) = [~k Inc + kInv]] @

_ n¥i,(nv)[In(=In(1-F@)))|-Xk, Inv; T, In[- In(1-F (v)]
. i )

3L, Inw?) [T, Inv]
kSE, Inv;—Y% In(~ In(1-F(v)))

Cc = exp [ nk ] (6)
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2.1.2. Maximum Likelihood Method (MLM)

MLM is based on maximizing likelihood function. For two-parameter Weibull distribution,
the likelihood function is seen on Eq. (7) [28].

The values of k and ¢ to maximize Eq. (7), can be calculated by taking natural logarithm of
Weibull Maximization likelihood function Eq. (7). Then the result is seen on Eq. (8). By partial
derivatives of Eqg. (8) according to ¢ and k, Eqg. (9) and Eq. (10) were obtained to reach the values
of k (Eg. (11)) and ¢ (Eq. (12)). Standard iterative techniques or Newton Raphson method should
be used to solve Eq. (11).

Eq. (13) was obtained by Newton Raphson method iterations for the solution of ki, value, for
m™ iteration step [31] with first iteration value, k, is following as seen on Eq. (14) [28].

L, c,k) = [T, ke *vf L exp(—c*vk) ™
InL (w,c,k) =Y, Ink—Y" kInc+(k—1)X%, Inv, —c* ¥, v* 8)
9Int Wiek) lnLa(:;C’k) = —nkc™ ! + kc~*HD PR 4k ©)
2int wiek) mLaf‘c'k) =nkt—ninc+ Yt lnv,—c kI vEinv, + c¥inc ¥, vk (10)
Shaviflny,  FRilnv 1
X, v n k= 0=Jk t
1
_(Zh 171‘k k
¢ = (3) (42
[Z?ﬂ”ikml“vi Iiqlny 1 ]
hi vikm n km
km+1 = km - . a7k (13)
dx km
1
6 Gr,mvy)’|] 2
"7[2?=1(1n Vi)z_%]
ko = p—y (14)

2.2. Burr Distribution (Singh Maddala Distribution)

In the last decade, the Burr distribution given by Eq. (15) has been applied to estimate the
wind speed frequency, and it has given well performed results [5].

fwab k) =—<6)__ (15)
b(1+())
Three-parameters Burr cumulative distribution function with a is the shape parameter, while b
and k are the scale parameters, and v represents the wind speed as given by Eq. (16).
-k

Fw,abk)=1-(1+(2)") (16)
2.2.1. Least Squares Method (LSM)

Eq. (20) is obtained by linearizing Eq. (16) with algebraic steps Eq. (17) — Eqg. (19).
1+(0) =a-pm* an
&) '=a-mF-1 (18)

b
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ain(3)=n[(1-P) k—1] (19)
alnv—alnb=ln[(1—P)_E—1] (20)
Eq. (20) can be revised to Eq. (21) with the assumptions,
alnv; =ax;,—alnb = B and ln[(l—P)_%—1]=Yi.
So, Eq. (21) can be accepted as follows,

ax;+B =Y, (21)

We offered a new method, which would be re-calculated by using a and b iteratively and
increasing values of k parameter, to obtain Burr parameters a and b. Thus, we would be able to
choose optimum values of a, b, and k parameters by Eq. (22) — Eq. (25).

E(a,B) = Y e =X(Y; — ax; — B)? (22)
_nEXYi—YYiXNXi
T onZx2-Ex)? (23)
_ XXy R Ay Y
B = (24)
-B
b=exp () (25)

2.2.2. Maximum Likelihood Method (MLM)

Maximum likelihood function for the Burr distribution is given on Eqg. (26). And Eq. (27) is
obtained by taking the logarithm of Eq. (26). Then Eq. (28) - Eq. (30) are obtained respectively by
taking partial derivatives of Eq. (27) and equalizing to zero to calculate the parameters of a, b and
k [5].

The values of the parameters a, b and k, which maximize Eq. (26), can be calculated via Eq.
(28) - Eg. (30). Newton-Raphson method, which is commonly solved method of Eq. (28) -
(30), follows Eq. (31). Jacobian matrix is formed by taking partial derivatives of the expressions
S1,S, and S;. Then a, b and k can be calculated via Eq. (31) iteratively.

L(v,a b, k) = ;;1% (26)
b1+(3

InL(v,a,bk) =¥ [1n(a. k™) + @~ Din (%) - G+ (1 +(2)])] @7

sty

s, = aLL(g,Z.,b,k) _y (—ﬁ N [1 N (%)a]—l) (29)

S, = aLL(gabk) 5 (_% +n [1 + (%)a]) (30)

% 651]

wn [ B s
= -2 2 % S
| = o (31)
Kisa 653 083 083 3%(ay, bic))

0b 0k (ay byc;)
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3. APPROACHES TO WIND DATA AND ANALYSIS

The weather stations must consist of two or three anemometers, two direction sensors, a
humidity meter, a pressure gauge, a temperature measurement device, a data logger and a data
transfer modem, regarding the measurement standards [31]. Wind speed data were analysed in
eight different weather stations for one year for this survey. The descriptive statistics of the wind
speed data were presented on Fig. 1..

Table 2. Annual measured wind speed distribution

Vr Karabiik Zonguldak Osmaniye Soke Kahyalar Loras Mersinkoy Gelibolu

0-0.5 0 0.0348 0.0305 0.0605 0.0836  0.0040  0.0882 0.0064 0.0047
0.5-1.5 1 0.7445 0.3686 0.3577  0.2314 0.1811  0.0994 0.0491 0.0401
15-25 2 0.1463 0.3546 0.2596  0.1674  0.2405  0.1337 0.0898 0.0668
2.5-3.5 3 0.0416 0.1505 0.1118 0.1913 0.2071  0.1414 0.1281 0.0901
3.5-4.5 4 0.0172 0.0614 0.0784  0.1761  0.1249  0.1248 0.1276 0.0537
4.5-5.5 5 0.0102 0.0209 0.0603  0.1035 0.0809  0.0956 0.1100 0.0825
5.5-6.5 6 0.0041 0.0072 0.0447  0.0346 0.0588  0.0763 0.1024 0.0808
6.5-7.5 7 0.0002 0.0038 0.0168 0.0084 0.0417  0.0595 0.0957 0.0784
7.5-8.5 8 0.0006 0.0016 0.0058 0.0019 0.0254  0.0473 0.0847 0.0750
8.5-9.5 9 0.0002 0.0007 0.0028 0.0009 0.0173  0.0340 0.0630 0.0725
9.5-105 19 0.0001 0.0001 0.0008 0.0006  0.0090  0.0262 0.0441 0.0730

10.5-11.5 17  0.0001 0.0001 0.0002  0.0002 0.0045 0.0215 0.0324 0.0608
11.5-125 12 0.0000 0.0000 0.0001  0.0000 0.0027  0.0155 0.0243 0.0545
12.5-135 13  0.0000 0.0000 0.0003  0.0000 0.0011 0.0124 0.0156 0.0427
13.5-145 14 0.0000 0.0000 0.0000 0.0000 0.0005  0.0082 0.0106 0.0352

145-155 15 0.0000 0.0000 0.0000 0.0000 0.0003  0.0062 0.0066 0.0225
155-16.5 16 0.0000 0.0000 0.0000  0.0000 0.0001  0.0040 0.0038 0.0173

16.5-175 17 0.0000 0.0000 0.0000  0.0000 0.0001  0.0029 0.0029 0.0137
17.5-185 18 0.0000 0.0000 0.0000  0.0000 0.0001  0.0014 0.0017 0.0114
18.5-195 19 0.0000 0.0000 0.0000  0.0000  0.0000  0.0007 0.0007 0.0081
19.5-205 9o 0.0000 0.0000 0.0000  0.0000  0.0000  0.0002 0.0003 0.0063
20.5-21.5 o1 0.0000 0.0000 0.0000  0.0000 0.0000  0.0002 0.0001 0.0043
21.5-225 22 0.0000 0.0000 0.0000  0.0000 0.0000  0.0002 0.0000 0.0025
22.5-235 93  0.0000 0.0000 0.0000  0.0000  0.0000  0.0001 0.0000 0.0014
23.5-245 24 0.0000 0.0000 0.0000  0.0000  0.0000  0.0001 0.0000 0.0011
245-255 95  0.0000 0.0000 0.0000  0.0000  0.0000  0.0001 0.0000 0.0006

The weather stations are located in Karabiik city center with the altitude of 278 m., and
Zonguldak as coast city which is neighbor city of Karabiik 110 km away, and Osmaniye with the
altitude of 120m., which is 20 km away from Mediterranean Sea coast [36], and Soke with the
altitude 44 m., and Kahyalar which was established by KARES Mall on a location in Kahyalar
Village of Karabiik with an altitude of 610 m and 10 km away from the city centre. Others are
located on the Mountain Loras in Konya by Konya water and sewage administration (KOSKI),
and Mersinkoy as an Aegean Sea coast and Gelibolu coast as well on the peninsula in Marmara
[32].
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Annual average wind speeds of the weather stations were calculated as seen on Fig. 1.
Besides, annual standard deviation and skewness wind speeds of the weather stations can be seen
on the Fig. 1. Maximum wind speeds of Gelibolu, Mersinkoy Izmir, Karabuk Loras Mountain in
Konya, Kahyalar in Karabuk, Soke in Aydin, Osmaniye, Zonguldak, Karabuk City were observed
as 25 m/s, 21.5 mfs, 25.96 m/s, 18.488 m/s, 10.92 m/s 13.1 m/s, 9.8 m/s and 10.8 m/s
respectively.

Additionally, wind speed frequencies were displayed on Table 2., which are needed to
estimate the parameters of the distribution functions.
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Figure 1. Yearly mean wind speed of the weather stations
3.1. Wind Power and Energy Density

P, which represents wind power density per square meter, can be estimated by Eq. (32) with
the variables: density of weather, p and wind speed, V:

P= %pv3 (32)

Periodical mean wind power density is formulated by Eq. (33) with the function frequency of
wind speed f(v) [23];

1 max
Pua =5p Jy " v3f (v) dv (33)
The feasibility criterion of power density is classified in 4 levels as follows [22]:

o Weak Resource (P,, 4<100 W/m?)
Weakly Good (100 W/m?< P, 4< 300 W/m?)

e Good (300 W/m? < Py, 4< 700 W/m?)

e Very Good (Py, 4> 700 W/m?)

The weather stations, whose data were used in our survey, can be named according to this
classification as seen on Table 3.

The highest mean power density values were 1084.8 W/m2 in Gelibolu, 433.1992 W/m? in
Izmir Mersinkoy, 307 W/m2 in Konya Loras. Gelibolu, Mersinkoy and Loras can be accepted as
good energy resource to establish a wind power plant. Power density of Kahyalar village was
103.74 W/m? which it is between 100 W/m? - 300 W/m? annually, it is accepted as weak good
resource for the wind power classification, means it can be used for small-scale applications.
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The mean power density values were 43.8 W/m? in Aydin Soke, 40.55 W/m?, 18.23 W/m?
Zonguldak and the lowest average power density was 10.36 W/m? in Karabuk city centre.
Karabuk City centre, Zonguldak, Osmaniye and Soke are not feasible wind energy source for
generating electricity to meet all the energy needs in the region. However, it can be considered for
utilization of small-scale wind energy applications in S6ke, Osmaniye, Zonguldak and Karabuk
city centre for rural areas such as traffic warning signs, wireless internet gateways, battery
chargers, and water pumps.

Table 3. Annual mean wind speeds, standard deviation and power densities

Stations Mean Speed  Std Deviation (m/s) Measurzed Class of I_Dower
(m/s) (W/m®) Density

Karabiik 1,3636 0,7773 5,4334 Weak
Zonguldak 1,903 1,128 16,7663 Weak
Osmaniye 2,3024 1,6625 40,5524 Weak
Soke 2,6610 1,5163 43,8541 Weak
Kahyalar 3,3914 2,2136 103,7443 Weakly Good
Loras 4,5339 3,2443 307,9826 Good
Mersinkoy 5,9045 3,3138 433,1992 Good
Gelibolu 8,0085 4,5895 1084,8000 Very Good

3.2. Estimating the Parameters and Comparison with Real Wind Data

We computed Weibull [shape (k) and scale (c)] and Burr [shape (a) and scale (b, k)]
distribution parameters with LSM and MLM equations [Eq. (5) —Eq (31)] as seen on Table 4. by
using wind speed frequencies from Table 2.. Then we used predicted Weibull and Burr
parameters to estimate power density values. Measured values and those estimated values by
using models were compared on Table 6. As seen on Table 5., Burr LSM is best fitting
distribution for 5 stations (Soke, Kahyalar, Loras, Mersinkoy and Gelibolu) and Burr MLM is
second better fitting distribution for remaining’s (Karabiik, Zonguldak and Osmaniye).

Table 4. Estimation parameters of Weibull pdf and Burr pdf

Weibull Burr
Kk C a b K
Karabiik LSM 0,3474 0,2357 7,0906  0,1347 0,116
MLM 1,9554 4,7375 12,7352 11,0054 0,0494
Zonguldak LSM 0,7925 1,6045 1,3684 1,5102 1,459
MLM 1,9554 4,7375 12,7352 11,0054  0,0494
Osmaniye LSM 0,7105 2,2266 1,7046 1,0421 0,72
MLM 1,9109 5,4733 13,9945 11,0041  0,0412
Séke LSM 1,005 3,3186 1,0972 16,0902 6,315
MLM 1,9554 4,7375 12,735 11,0054  0,0494
Kahyalar LSM 1,1572 3,2089 1,6052 5,31 2,981
MLM 1,8408 7,305 16,9304 11,0026  0,0292
Loras LSM 0,9245 6,6764 1,3438 5,0246 1,272
MLM 1,7873 9,8575 20,5795 11,0025  0,0209
Mersinkoy LSM 1,5665 6,3241 1,6022 50,6195 29
MLM 1,8138 8,4002 18,5453 11,0024 0,025
. LSM 1,5677 8,3438 1,6017 66,8203 29
Gelibolu

MLM 1,7819 10,2214 20,9996 11,0029  0,0202
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3.3. Performance Evaluation

The performances of Weibull and Burr were evaluated according to the coefficient of
determination (R?) and root mean square error (RMSE). R? was calculated with Eq. (34) by using
predicted probability distribution value f; and observed frequency value p; [31].

R2=1-— I (fi-p)® (34)
JenoenEe-m?)
A smaller RMSE value shows the better model [24]. RMSE values were calculated by Eqg.
(35).

1 0,5
RMSE = [2 ¥, (f; - p)?] (35)
RMSE and R? values of distribution models were compared on Table 5. Performance criteria
of Burr LSM are best fitting distribution for 5 stations (Osmaniye, Soke, Kahyalar, Loras and
Mersinkoy) by considering RMSE, and second better fit value for remaining’s (Karabiik,
Zonguldak and Gelibolu). Burr LSM and MLM are best fitting distribution for 4 stations
(Karabiik, Zonguldak, Osmaniye and Mersinkoy) by consideringR?. As a result, Burr LSM and
Burr MLM are better than Weibull LSM and Weibull MLM, so that Burr distribution model
values are better than that of Weibull except Soke, Kahyalar and Loras, even similar (Table 5.).

Table 5. Performance of models to estimate wind speed frequencies
Stations Criteria ~ Weibull LSM  Weibull MLM Burr LSM Burr MLM

Karabik  RMSE  0,1939 02147 0,1796 0,1404
R 05177 0,7375 0,4544 0,7533
Zonguidak  RMSE 0073 0,1221 0,0637 0,055
R 0,8949 0,9249 0,8827 0,9295
Ssman RMSE  0,0523 0,0999 0,0295 0,0321
Smaniye g2 0,0738 0,0726 0,9699 0,074
Soke RMSE 00378 0,0551 0,0374 0,0477
R 0,9647 0,9516 0,964 0,9543
RMSE 0,024 0,0643 0,0209 0,0347
Kahyalar — ga 0,9835 0,9811 0,982 0,9816
Loras RMSE 00189 0,0357 0,0162 0,0227
R 0,9953 0,9929 0,9949 0,993
Mersinkoy RMSE  0,0107 0,0183 0,0106 0,0222
R 0,9959 0,9925 0,9959 0,9928
Geliboly_RMSE__ 0,0102 0,0094 0,0107 0,0258
R 0,9975 0,9944 0,9975 0,9948
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Table 6. Comparison of measured and estimated power densities
Measured Weibull

Stations (Wim?) Weibull LSM MLM Burr LSM Burr MLM
Karabiik 7,1011 19,6904 138,1251 14,7921 86,6853
Zonguldak 18,2386 40,1808 138,1251 30,9681 86,6853
Osmaniye 40,5524 95,8914 217,6516 67,3531 130,4146
Soke 43,8541 99,8224 138,1251 93,4616 88,8139
Kahyalar 103,7443 117,2848 536,9436 94,9225 301,5609
Loras 307,9826 986 1360.8 742 882.7
Mersinkoy ~ 433,1992 453.8787 829.0359 445,488 733.9691
Gelibolu 1084,8000  1019. 1522.1 998.7 1197.5

3.4. Graphical Analysis

Wind speed frequency graphs, which were obtained by Weibull and Burr distribution
parameters for eight weather stations, were drawn on Fig. 2. - Fig. 9. one by one, and all of them
were compared with real wind speed frequencies. Burr LSM graphs are best fitting graphs with
real measured values for eight stations as seen on Fig. 2-9..
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Figure 2. Actual wind speed density and the wind speed density produced by distributions for
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4. RESULTS AND DISCUSSION

Before establishing wind energy conversion plants, it will be useful for an effective planning
to know wind energy potential and wind speed frequency estimation process. Probability
distribution functions are utilized to model wind speed distributions and power densities. Weibull
pdf is most used method for wind power systems. With Burr pdf, more accurate results can be
obtained, but distribution parameters (scale and shape) of Burr pdf cannot be calculated easily.

In this study, we used least squares method (LSM) to calculate Burr pdf parameters, which
have not been known before. After that, Burr and Weibull probability density functions were
compared to model wind speed frequencies of eight different locations that have different average
data. Wind power densities were calculated by Weibull and Burr distribution functions and those
models compared with observed annual data of the weather stations. LSM and MLM methods
were used to predict the Weibull and the Burr distribution parameters. Hence, we can check the
accuracies and performances of Weibull and Burr for LSM and MLM both. We tried to categorize
appropriate theoretical probability density distributions of wind speed. To evaluate the
performance of the considered distributions, root-mean-square error (RMSE) and determination of
the coefficient (R®) were used, too. Graphical comparisons of the distributions have proven
mentioned methods as seen on Fig. 2. — Fig. 9. and Table 4. As seen on them, the best modelling
of the wind speed frequency distribution is obtained by Burr.pdf LSM. For graphically, the Burr
distribution can be preferred as the best-fitting curve for high wind speeds.

As seen on the results of performance criteria’s RMSE and RZ Burr LSM has minimum
RMSE values for 5 weather stations and second minimum values for 2 weather stations. Beside of
this RMSE of Burr MLM is minimum for two stations. Only for one stations, Weibull MLM has
minimum RMSE. When it comes to R%Burr MLM is best for 3 stations and Burr LSM and
Weibull LSM are equal for remaining 5 stations.

To predict wind power densities, Burr LSM has the best performance for 7 stations and only
one station has the best prediction by Weibull LSM. Similar to this, Burr pdf is better for good
and very good stations for estimating mean wind speeds, although Weibull is better for weak and
weakly good stations.

In conclusion, the calculations and comparisons of annual measurement results of eight
weather stations with the proposed methods throughout this study have shown that Weibull LSM
is known as graphical method and commonly used, whereas Burr LSM can reach more accurate
results. moreover, easy to use with predicting its parameters by least squares method.
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NOMENCLATURES

f) Probability density function

v, Vr [mi/s] Wind speed
k Dimensionless shape parameter
c [m/s] Scale parameter

F, F(v) Cumulative distribution function
MLM Maximum likelihood method
LSM Least squares method
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v; velocity in i" position
re) Gamma function
v [mi/s] Mean wind speed
A Shape parameters for Burr distribution
b, k Scale parameters for Burr distribution
R? Coefficient of determination
RMSE Root mean square error
Pya [W/m?] Mean wind power density for the period
pdf Probability Density Function
fi predicted pdf value
Di observed frequency value
REFERENCES

[1] Morgan, EC., Lockner, M., Vogel, RM., Base, LG., (2011). Probability distributions for
offshore wind speeds. Energy Conversion and Management, vol. 52, p. 15-56,
DOI:10.1016/j.enconman.2010. 06.015

[2] Ikilg, C., Aydin, H., (2015). Wind Power Potential and Usage in the Coastal of regions
of Turkey. Renewable and Sustainable Energy Reviews, vol. 44, p. 78-86,
DOI:10.1016/j.rser.2014.12.010.

[3] Installed power capacity of Turkey by sources, from
www.eie.gov.tr//document/elektrik_kurulu_ guc_kaynaklar_2002_2012.pdf, accessed on
2015. 02. 28.

[4] Kaplan, YA., (2015). Overview of wind energy in the world and assessment of current
wind energy policies in Turkey, Renewable and Sustainable Energy Reviews; vol. 43, p.
562-568, DOI:10.1016/j.rser.2014.11.027.

[5] Lo Brano, V., Orioli, A., Ciulla, G., Cullata, S., (2011). Quality of wind speed fitting
distributions for the urban area of Palermo, Italy, Renewable Energy, vol. 36, p. 1026-
1039, DOI:10.1016/j.renene.2010.09.009.

[6] Installed power capacity of Turkey by sources, from
http://www.emo.org.tr/ekler/18ff249800ead7f _ek.pdf, accessed on 2016.03.28

[7] Gokeek, M., Bayiilken, A., Bekdemir, $., (2007). Investigates of Wind Characteristics and
Wind Energy Potential in Kirklareli, Turkey. Renewable Energy, vol. 32, p. 1739-1752,
DOI:10.1016/j.renene. 2006.11.017

[8] Akpmar, S., Akpmar, EK., (2009). Estimation of wind energy potential using finite
mixture distribution models, Energy Conversion and Management, vol. 50, p. 877-884,
DOI:10.1016/j.enconman.2009.01.007.

[9] Eskin, N., Artar, H., Tolun, S., (2008). Wind energy potential of Gok¢eada Island in
Turkey. Renewable and Sustainable Energy Reviews, vol. 12, p. 839-851,
DOI:10.1016/j.rser.2006.05.016.

[10] Akdag, SA., Guler, O., (2010 ). Evaluation of wind energy investment interestand
electricity generation cost analysis for Turkey. Applied Energy, vol. 87, p. 2574-2580,
DOI:10.1016/j.apenergy.2010.03.015.

[11]  Ucar, A, Balo, F., (2009). Evaluation of wind energy potential and electricity generation
at six locations in Turkey. Applied Energy, vol. 86, p. 1864-1872,
DOI:10.1016/j.apenergy.2008.12.016.

402


http://www.eie.gov.tr/document/elektrik_kurulu_%20guc_kaynaklar_2002_2012.pdf
http://www.emo.org.tr/ekler/18ff249800ead7f%20_ek.pdf

Estimating Wind Energy Potential with Predicting ... / SigmaJEng & Nat Sci 36 (2), 389-404, 2018

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Ulgen, K., Hepbasli, A., (2002). Determination of Weibull parameters for wind energy
analysis of 1zmir, Turkey. International Journal of Energy Research, vol. 26, p. 495-506,
DOI:10.1002/er.798

Fyrippis, 1., Axaopoulos, PJ., Panayiotou, G., (2010). Wind energy potential assessment
in  Naxos Island, Greece. Applied Energy, wvol. 87, p. 577-586,
DOI:10.1016/j.apenergy.2009.05.031.

Xydis, G., Koroneos, C., Loizidou, M., (2009). Exergy analysis in a wind speed
prognostic model as a wind farm sitting selection tool: a case study in Southern Greece.
Applied Energy, vol. 86, p. 2411-2420, DOI:10.1016/j.apenergy.2009.03.017.

Weigt, H., (2009). Germany's wind energy: the potential for fossil capacity replacement
and cost saving. Applied Energy, vol. 86, p.1857-1863,
DOI:10.1016/j.apenergy.2008.11.031.

Carta, JA., Ramirez, P., Valazquez, S., (2009). A review of wind speed probability
distributions used in wind energy analysis case studies in the Canary Islands. Renewable
and Sustainable Energy Reviews, vol.13, p. 933-955, DOI:10.1016/j.rser.2008.05.005.
Mirhosseini, M., Sharifi, F., Sedaghat, A., (2011) Assessing the wind energy potential
locations in province of Semnanin Iran. Renewable and Sustainable Energy Reviews, 15,
p. 449-505, doi:10.1016/j.rser.2010.09.029

Mostafaeipour, A., Abarghooei, H., (2008) Harnessing wind energy at Manjilarea located
in north of Iran. Renewable and Sustainable Energy Reviews, vol. 12:, p. 1758-66,
d0i:10.1016/j.rser.2007.01.029

Najafi, G., Ghobadian, B., (2011) LLK 1694-wind energy resources and development in
Iran. Renewable and Sustainable Energy Reviews, vol. 15(6), p. 2719-2728,
doi:10.1016/j.rser.2011.03.002

Ghorashi, AH., Rahimi A., (2011) Renewable and non-renewable energy status in Iran:
art of know-how and technology-gap. Renewable and Sustainable Energy Reviews, vol.
15(1), p. 729-736, doi:10.1016/j.rser.2010.09.037

Bakhoda, H., Almassi, M., Moharamnejad, N., Moghaddasi, R., Azkia, M., (2012) Energy
production trend in lIran and its effect on sustainable development. Renewable and
Sustainable Energy Reviews, vol. 16(2) p. 1335-9, d0i:10.1016/j.rser.2011.10.014
Alamdari, P., Nematollahi, O., Mirhosseini, M., (2012) Assessment of wind energy in
Iran: a review. Renewable and Sustainable Energy Reviews, vol. 16(1), p. 836-60,
doi:10.1016/j.rser.2011.09.007

Mostafaeipour, A., Jadidi, M., Mohammadi, K., Sedaghat, A., (2014) An analysis of wind
energy potential and economic evaluation in Zahedan, Iran. Renewable and Sustainable
Energy Reviews, vol. 30, p. 641-650, doi:10.1016/j.rser.2013.11.016

Elhadidy, MA., Shaahid, SM., (1999) Feasibility of hybrid (Wind-Solar) power systems
for Dhahran, Saudi Arabia. Renewable Energy, vol. 16, p. 970-976, doi:10.1016/S0960-
1481(98)00344-9

Almalki, SJ., Nadarajah, S., (2014) Modifications of the Weibull distribution: A review.
Reliability =~ Engineering and  System  Safety, vol. 124, p.  32-55,
doi:10.1016/j.ress.2013.11.010

Wang, J., Qin, S., Jin, S., Wu, J., (2015) Estimation methods review and analysis of
offshore extreme wind speeds and wind energy resources. Renewable and Sustainable
Energy Reviews, vol. 42, p. 26-42, doi:10.1016/j.rser.2014.09.042

Arslan T., Bulut YM., Yavuz, AA., (2014) Comparative study of numerical methods for
determining Weibull parameters for wind energy potential. Renewable and Sustainable
Energy Reviews, vol. 40, p. 820-825, DOI:10.1016/j.rser.2014.08.009

Geng, A., Erisoglu, M., Pekgor, A., Oturanc, G., Hepbasl, A., Ulgen, K., (2005)
Estimation of Wind Power Potential Using Weibull Distribution. Energy Sources, vol. 27,
p.809-822, doi: 10.1080/00908310490450647

403


http://dx.doi.org/10.1016/j.rser.2010.09.029
http://dx.doi.org/10.1016/j.rser.2013.11.016
http://dx.doi.org/10.1016/S0960-1481(98)00344-9
http://dx.doi.org/10.1016/S0960-1481(98)00344-9
http://dx.doi.org/10.1016/j.rser.2014.09.042

B. Kose, M. Diiz, M.T. Giineser, Z. Recebli | Sigma J Eng & Nat Sci 36 (2), 389-404, 2018

[29]

[30]

[31]

[32]

[33]

[34]
[35]
[36]

Ramirez, P. Carta, J.A., The use of wind probability distributions derived from the
maximum entropy principle in the analysis of wind energy. A case study, Energy Convers
Manag, 47 (2006), pp. 2564-2577

The measurement standards. MGM, from
http://www.mgm.gov.tr/FILES/Haberler/2012/ruzgargunesteblig2012-01.pdf, accessed on
2015.03.15

Akpmar, S., Akpmar, EK., (2007) Wind energy analysis based on maximum entropy
principle (MEP)-type distribution function. Energy Conversion and Management, vol. 48,
p. 1140-1149, DOI:10.1016/j.enconman.2006.10.004

Ozdamar A., Gursel KT., Orer G., Pekbey Y., (2004) Investigation of the potential of
wind-waves as a renewable energy resource: by the example of Cesme—Turkey.
Renewable and Sustainable Energy Reviews, vol. 8, p. 581-592, DOI:10.1016/
j.rser.2004.01.007

Kara, O., Ozdamar, A., Ulgen, K., (2001) Riizgar Hizlarimin Daha Yiiksege Taginmasinda
Hellmann Katsayisinin Degisimi Uzerine Bir Arastirma: Soke Ornegi, VI Tiirk-Alman
Enerji Sempozyumu Kitap¢igi, p.435-440, Izmir, 21-24 Haziran 2001.
http://www.koski.gov.tr/ (accessed on 10.09.2016)
http://www.emo.org.tr/ekler/dc375089b790ef9_ek.pdf (accessed on 15.09.2016)
Yaniktepe, B., T. Koroglu, and M. M. Savrun. 2013. “Investigation of Wind
Characteristics and Wind Energy Potential in Osmaniye, Turkey.”Renewable and
Sustainable Energy Reviews 21: 703-711. doi:10.1016/j.rser.2013.01.005.

404


http://www.mgm.gov.tr/FILES/Haberler/2012/ruzgargunesteblig2012-01.pdf
http://www.koski.gov.tr/
http://www.emo.org.tr/ekler/dc375089b790ef9_ek.pdf

