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1Abstract—To install a wind energy conversion system to a 

region, the wind speed characteristics of that region must be 

identified. The two-parameter Weibull distribution is highly 

efficient in modeling wind speed characteristics. In this study, 

the wind speed data of 32 cities in three different regions of 

Turkey have been comparatively analysed to estimate Weibull 

distribution function parameters by the use of three well-

known methods (Graphical Method (GM), Maximum 

Likelihood Method (MLM), Justus Moment Method (JMM)) 

and three new parameter estimation methods (Energy Pattern 

Factor Method (EPFM), Wind Energy Intensification Method 

(WEIM), Power Density Method (PD)) which have been 

proposed in recent years. Three years of hourly wind speed 

data of the specified regions have been used. The performance 

metrics of these analyses have been compared using Wind 

Energy Error (WEE), Root Mean Square Error (RMSE), and 

Coefficient of Determination (R2). The results have shown that 

while the PD method has high model performance, the JMM is 

closely competitive with the MLM. Besides, the wind energy 

densities that were estimated by using actual data have been 

compared with the resulting Weibull distribution. It has been 

clear that the method that has the closest estimation to the 

actual values is the PD method. 

 
 Index Terms—Wind energy; Estimation methods; Weibull 

distribution; Wind energy intensification.  

I. INTRODUCTION 

The use of wind as a renewable and green energy is 

increasing every day. The demand for energy of the rapidly 

growing population is greater than ever. It is clear that not 

one energy source is going to be enough. Besides, the 

nonrenewable resources like fossil fuels are being depleted. 

For these reasons, coal, oil, and gas reserves are assumed to 

run out in 95, 23, and 25 years, respectively [1]. The climate 

change and the increased awareness of the people towards 

energy consumption make the work on renewable sources 

more urgent. 

In this perspective, the use of the renewable energy 

resources like wind, solar, and hydroelectric power has 

increased significantly in recent decades. The use of wind 

power is especially important due to its advantages over the 

other resources, such as: i) consisting of fewer parts than the 
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other sources, ii) being able to generate electricity in day 

and night times, iii) creating more environmentally friendly 

energy.  

On the other hand, the power of the wind must be 

estimated to predict the amount of use we can get out of a 

wind plant. For this purpose, the main motivation of this 

study is the comparison of six different estimation methods 

for Weibull distribution in a case study in Turkey. 

The Weibull distribution is first suggested by W. Weibull 

in 1951 [2] as a tool to use on statistical problems. Today, 

Weibull distribution is a widely used method not only in the 

characterization of the wind speed data, but also in 

predicting water level and rainfall, ceramic strength, solar 

irradiance assessment, and microbial survival data [3]–[5].  

In this study, the two-parameter Weibull distribution is 

used to model the wind data. There are many studies on 

modeling wind speed characteristics that have been 

conducted using the two-parameter Weibull distribution.  

A. Related Works 

Some of the mentioned studies were conducted in Turkey, 

where this study took place. These studies use the Weibull 

distribution and other techniques like ANN (Artificial 

Neural Networks) [6], [7]. These studies show that the use 

of the tools, such as the Weibull distribution, is a trusted 

way to characterize the wind speed of a specific region. As a 

country that is in a good location in terms of wind energy, 

Turkey has an estimated 48 GW of wind energy potential 

[8]. 

When the literature is inspected on the use of Weibull 

parameter estimation methods, it can be seen that there is no 

one method that is agreed upon which works better than the 

others. In this perspective, there are many studies conducted 

on Weibull distribution and parameter estimation methods 

for lots of regions. 

In his study, Ahmed [9] analysed the wind data in 

Halabja, Iraq region, to estimate the Weibull parameters. 

The four methods (Maximum Likelihood Method (MLM), 

Rank Regression Method (RRM), Mean-Standard Deviation 

(MSD), and Power Density Method (PD)) were analysed 

comparatively. The RMSE and R2 were used to compare the 

methods. 
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Besides, in the study that was published by Sumair, 

Aized, Gardezi, and Aslam [10], they have compared some 

new and old parameter estimation methods in five different 

regions of Pakistan. These methods were Combined 

Linearized Moment Method (CLMM) and Method of 

Moment (MOM). The results are compared using R2, Mean 

Square Error (MSE), RMSE, WEE, Mean Absolute 

Percentage Error (MAPE), and Chi-test. 

B. Structure of the Study 

This study aims to compare the efficiency of 6 different 

Weibull parameter estimation methods by using three years 

of hourly wind data of 32 cities in three different regions of 

Turkey. The methods that have been used in this paper are 

three well-known (Graphical Method (GM), MLM, and 

Justus Moment Method (JMM)) and three newly proposed 

methods (Energy Pattern Factor Method (EPFM), Wind 

Energy Intensification Method (WEIM), and PD).  

Section II focuses on the Weibull distribution and the 

wind data. Section III gives more information about the 

wind data and the method used to process the data. Section 

IV explains the parameter estimation methods for the 

Weibull distribution which were used in this study. Section 

V focuses on the calculation of the wind energy of the wind 

data. This calculation has been used in comparing the 

methods’ efficiencies at calculating the actual wind energy. 

In Section VI, the error performance comparison of these 

methods has been conducted using WEE, RMSE, and R2. 

Lastly, in Section VII, all methods have been compared 

according to their efficiencies and error performances.  

II. WEIBULL DISTRIBUTION AND PARAMETER ESTIMATION 

A. Weibull Probability Density Function 

The probability density function (PDF) is as follows 
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Equation (1) shows f(v) as the Weibull function that is 

calculated for any wind speed (v) (m/s). This value is the 

probability to observe the wind speed. Two parameters are 

estimated using Weibull distribution. These are the shape (k) 

and the scale (c) parameters. The calculation of these 

parameters is made by using different methods [11], some of 

which have been used in this study. 

B. Weibull Cumulative Distribution Function 

Equation (2) shows the F(v) value as the cumulative 

distribution function (CDF) 
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III. WIND DATA 

The wind data for this study have been acquired from 

SolarRadiationData (SoDa)’s website [12]. As previously 

mentioned, the data consists of three years of hourly wind 

speeds. However, the source has not been able to supply the 

data in a desired height. To resolve this issue, one of the 

tools to convert wind speeds at different heights has been 

used. 

Figure 1 shows the studied areas of Turkey together with 

the cities in the areas. In Fig. 2, the calculated wind energy 

densities of the cities in these studied areas are given 

separately. 

 
Fig. 1.  The view of the studied regions and cities on the map. 

 
(a) 

 
(b) 

 
(c) 

Fig. 2.  The wind energy densities of the cities in (a) the Aegean, (b) 

Central Anatolia, and (c) Marmara regions, respectively. 

Power Law 

Since the wind data were of 10 meters height, one of the 

methods in literature to convert wind speeds in different 

heights has been used to convert the data from 10 meters to 

50 meters height. The applied method is called “Power 

Law” (PL) [13], and by using this method in (3), the data at 

the height of 50 meters have been acquired for every city 
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In (3), α is called “Hellman (or friction) exponent”, it is 

also known as “WSC”, which is related to atmospheric 

stability, wind speed, surface specifications, or height 

difference. WSC’s value differs from 0.40 in city centers to 

0.10 in terrain with not many obstacles and lakes and oceans 

[14]. The widely used value of WSC in the world is 1/7 

(0.143) [15]. In addition, v1 in (3) is the wind speed value, 

which was measured in h1 height, and v2 is the wind speed 

value at the desired h2 height. 

IV. METHODS USED TO ESTIMATE WEIBULL PARAMETERS 

The GM, MLM, EPFM, WEIM, JMM, and PD methods 

have been used in this study. The MATLAB software has 

been used to calculate the parameters of the Weibull for 

each method. 

A. Graphical Method (GM) 

This method is created by using the cumulative 

distribution function. If the logarithm of the value in (2) is 

taken twice, 

 ln[ ln[1 ( )]] ln ln ,F v k v k c     (4) 

the value in (4) is acquired. As the slope of a straight line, 

we achieve the value of y = ax + b according to this formula. 

To find out the a and b values: 

 ,k a  (5) 
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are used. The steps to use this data are: i) by using wind 

speed data, the cumulative frequency distribution or 

frequency distribution is calculated, ii) (lnvi and ln[-ln[1 - 

F(vi)]]) values are calculated, and iii) by solving the problem 

of linear least squares and using (5) and (6), the shape and 

scale parameters are identified [16]. 

B. Maximum Likelihood Method (MLM) 

This method is proposed by Stevens and Smulders [17]. 

The shape and scale parameters of the Weibull distribution 

are calculated by using (7) and (8): 
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where vi is the wind speed and n is the number of non-zero 

wind speeds. Equation (7) needs to be solved by an iterative 

approach (k = 2 could be used as an initial value), then (8) 

could be solved as the last step of calculating the 

parameters. 

C. Energy Pattern Factor Method (EPFM) 

This method requires a value called “energy pattern 

factor” (Epf) to be calculated first 
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Then, the scale and shape parameters are calculated using 

(10) and (11), respectively [18]: 
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In addition, Akdag and Dinler [16] has stated (12) in their 

study about the Epf value 
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D. Wind Energy Intensification Method (WEIM) 

This method has been proposed by Sumair, Aized, 

Gardezi, ur Rehman, and Rehman [19] and is similar to 

EPFM.  

Equation (13) shows the calculation of a coefficient called 

“wind energy intensifier” (WEI), and after this calculation, 

the WEI value is used to estimate the scale (c) parameter in 

(14): 
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Next, in (15), the calculation of the shape parameter (k) is 

done by using (c) value 
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E. Justus Moment Method (JMM) 

The k and c values could be achieved as a function of 

mean wind speed and the standard deviation of wind speed 

[20], [21] in (16) and (17), respectively: 
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F. Power Density Method (PD) 

This method uses the Epf variable that is calculated using 

EPFM. Equation (9) will be used in this method to calculate 
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Epf [22]. The calculation of the k value is as shown in (18) 
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Next, (19) will be used to calculate the c value 
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V. CALCULATION OF THE WIND ENERGY OF THE DATA 

In this study, the Weibull parameter estimation methods 

have been compared for their accuracy of the results they 

provide for wind energy density as well. For this purpose, 

equation (20) has been used [19] 

 

1

3

0

3

1
( )

2

1 3
1 ,

2

k
k v

ck v
WED v e d v T

c c

c T
k





  
  
 

 
  

     
   
 

  
    

  


 (20) 

where T value represents time in hours. 

VI. PERFORMANCE METRICS 

The accuracy of the Weibull parameter estimation 

methods that have been studied in this paper has been 

compared by using some specific methods. 

A. Wind Energy Error (WEE) 

The wind energy calculated by using actual wind speed is 

different from the one calculated by using the Weibull 

distribution [19]. Equation (21) is used to check the 

accuracy of the calculated wind energy 

 ,W act

act

WED WED
WEE

WED


  (21) 

where WEDact is the actual wind energy density, WEDW is 

the wind energy density calculated by using the Weibull 

distribution. 

B. Root Mean Square Error (RMSE) 

One of the methods to check the accuracy of the Weibull 

parameter estimation methods is RMSE 
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Equation (22) describes vi as the actual wind speed 

values, wi is the estimated values using probability density 

functions, and n is the number of wind speed classes [23]. 

C. Coefficient of Determination (R2) 

Equation (23) describes this method [23] 
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VII. RESULTS AND DISCUSSION 

All analyses have been realized for 32 cities using 6 

different parameter estimation methods for two-parameter 

Weibull distribution. Figure 3 shows a comparison between 

the actual wind speed data and the Weibull parameter 

estimation methods, namely, GM, MLM, EPFM, WEIM, 

JMM, and PD for the regions of the studied cities. Figure 4 

shows the comparison between the actual wind energy 

densities of each region and the calculated wind energy 

densities of the Weibull parameter estimation methods. 

Tables I–III show the estimated parameters by the Weibull 

parameter estimation methods and comparison of the 

accuracy of these methods by the use of some performance 

metrics (WEE, RMSE, and R2) by using the wind data of the 

cities in three regions (Aegean, Central Anatolia, and 

Marmara) of Turkey. 

The main comparison has been made by comparing the 

results that the methods has provided by using the 

performance metrics. The results for these metrics vary 

according to the model performance. The desired results for 

each metric are as follows. 

For WEE, it is desired to have a number that is the closest 

to zero. For RMSE, results close to zero mean more 

accuracy [24]. For the Coefficient of Determination method, 

it is considered that the higher the value of (R2), the more 

accurate the result is [25]. 

The results have been compared and the comparison has 

been given as a table after the comparison of all 6 methods 

with respect to WEE, RMSE, and R2. Table IV shows the 

main evaluation of these methods according to Tables I–III 

and Fig. 3. 

Firstly, the data has been compared per region. For the 

Aegean region, the PD method is better than the others with 

respect to WEE, followed by EPFM. The JMM is better 

with respect to RMSE, followed by MLM. Lastly, JMM is 

better with respect to R2, followed by MLM. 

For the Central Anatolia region, the PD method is better 

than the others with respect to WEE, followed by EPFM. 

The JMM is better with respect to RMSE, followed by 

MLM. Lastly, the JMM is better with respect to R2, 

followed by MLM. 

For the Marmara region, the PD is better than the others 

with respect to WEE, followed by EPFM. The JMM is 

better with respect to RMSE, followed by MLM. Lastly, the 

JMM is better with respect to R2, followed by MLM. 

The overall results show that for all regions the PD 

method is abler to provide reliable data with respect to 

WEE, followed by EPFM. The JMM is better with respect 

to RMSE, followed by MLM. Lastly, the JMM is better with 

respect to R2, followed by MLM for all regions. 

The graphs in Fig. 3 show the comparison of the actual 

wind speed data to the probability distributions calculated 

using the different Weibull parameter estimation methods 

for the studied regions. Every two graphs have been created 

using the data of one region. Two graphs per region describe 

the probability distribution for the Aegean Region, and the 

absolute values for each method have been graphed to 

indicate the most efficient method. It can be concluded that 

while the GM and WEIM show better performance for some 

wind speed values, the overall best performance has been 

provided by the PD method. 
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(a) 

 
(b) 

 
(c) 

Fig. 3.  Comparison of actual and Weibull distributions. The graphs in (a) 

show the Aegean Region, the graphs in (b) are for the Central Anatolia 

Region, and the graphs in (c) are for the Marmara Region. 

Figure 4 shows the comparison between the actual wind 

energy densities and the calculated wind energy densities of 

the Weibull parameter estimation methods. For the Aegean 

region, while some of the estimation methods seem very 

close to the actual values, the method to provide the closest 

result to the actual value is PD, and EPFM closely follows. 

For the Central Anatolia region, some methods have 

competitive results. The main resolution is again that the PD 

is the closest, and the EPFM is the second closest for 

providing an accurate estimation of wind energy density. 

For the Marmara region, the comparison between the 

estimated and the actual wind energy densities has provided 

similar results. The main resolution is that while the PD has 

provided the closest estimations, the EPFM seem to be very 

close.

 
(a) 

 
(b) 

 
(c) 

Fig. 4.  The comparison of actual wind energy densities to the Weibull 

parameter estimation methods for (a) the Marmara region, (b) the Central 

Anatolia Region, and (c) the Aegean Region. 

The Tables I–III include the comparison of the Weibull 

parameter estimation methods’ performances that have been 

studied in this paper, and Table IV includes the resulting 

evaluation according to these tables. In Table IV, all 6 

methods have been ranked based on the performance 

metrics seen in Tables I–III. The values in this table are the 

mean for each method. The low rank means it is closer to 

the actual values, so it has preferable results for this study. 

According to Table IV, the JMM has the lowest error 

values for RMSE and R2 evaluations. On the other hand, the 

WEE evaluation has resulted with the PD method having the 

lowest error values.  
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TABLE I. THE CALCULATED WEIBULL PARAMETERS AND WEE, RMSE, AND R2 VALUES FOR THE AEGEAN REGION. 
Cities Graphical Method Maximum Likelihood Method Energy Pattern Factor Method 

 k c WEE RMSE R2 k c WEE RMSE R2 k c WEE RMSE R2 

Afyon 2,0273 5,2715 0,0974 0,2270 0,9777 1,8940 4,8783 0,0627 0,1662 0,9936 1,7764 4,8472 0,0034 0,1716 0,9927 

Aydın 1,7156 4,5669 0,2324 0,1927 0,9885 1,8983 4,3795 0,0470 0,1494 0,9959 1,8108 4,3592 0,0041 0,1526 0,9955 

Denizli 1,9025 3,9505 0,1262 0,2284 0,9763 1,8252 3,6285 0,0822 0,1697 0,9928 1,6863 3,5993 0,0015 0,1806 0,9907 

İzmir 2,0858 5,8348 0,0397 0,1476 0,9962 2,0402 5,6811 0,0191 0,1155 0,9986 2,0035 5,6712 0,0058 0,1155 0,9986 

Kütahya 2,1058 5,4704 0,0955 0,2089 0,9846 1,9802 5,1192 0,0446 0,1459 0,9963 1,8900 5,0985 0,0052 0,1503 0,9959 

Manisa 2,0458 5,4966 0,0429 0,1740 0,9925 1,9686 5,3004 0,0263 0,1380 0,9970 1,9143 5,2827 0,0054 0,1355 0,9973 

Muğla 1,9272 4,7352 0,0792 0,2115 0,9825 1,8124 4,4012 0,0666 0,1504 0,9955 1,6985 4,3692 0,0018 0,1580 0,9945 

Uşak 2,1055 5,0018 0,0715 0,1809 0,9915 2,0281 4,7775 0,0311 0,1344 0,9974 1,9659 4,7663 0,0057 0,1385 0,9971 

 Wind Energy Intensification Method Justus Moment Method Power Density Method 

 k c WEE RMSE R2 k c WEE RMSE R2 k c WEE RMSE R2 

Afyon 2,8382 5,4882 0,0311 0,3022 0,9298 1,8725 4,8585 0,0613 0,1649 0,9938 1,77128 4,84645 4,93E-11 0,17214 0,99261 

Aydın 2,8534 4,9087 0,0257 0,2970 0,9353 1,8877 4,3664 0,0492 0,1479 0,9960 1,80442 4,35844 2,52E-12 0,15317 0,99542 

Denizli 2,7958 4,1422 0,0455 0,3041 0,9255 1,7974 3,6130 0,0758 0,1697 0,9928 1,68433 3,59895 3,00E-08 0,18080 0,99070 

İzmir 2,9430 6,2115 0,0073 0,2752 0,9546 2,0492 5,6731 0,0275 0,1143 0,9986 1,99201 5,67061 1,29E-09 0,11637 0,99855 

Kütahya 2,8914 5,6699 0,0179 0,2862 0,9456 1,9736 5,1046 0,0494 0,1442 0,9965 1,88098 5,09765 1,42E-08 0,15126 0,99575 

Manisa 2,9011 5,8567 0,0141 0,2912 0,9415 1,9641 5,2862 0,0317 0,1362 0,9972 1,90460 5,28185 2,06E-09 0,13570 0,99724 

Muğla 2,7997 5,0195 0,0414 0,3055 0,9237 1,7876 4,3825 0,0617 0,1494 0,9956 1,69606 4,36876 1,38E-08 0,15834 0,99449 

Uşak 2,9261 5,2452 0,0107 0,2755 0,9543 2,0342 4,7692 0,0391 0,1328 0,9975 1,95497 4,76564 3,59E-12 0,13984 0,99697  

TABLE II. THE CALCULATED WEIBULL PARAMETERS AND WEE, RMSE, AND R2 VALUES FOR THE CENTRAL ANATOLIA REGION. 
Cities Graphical Method Maximum Likelihood Method Energy Pattern Factor Method 

 k c WEE RMSE R2 k c WEE RMSE R2 k c WEE RMSE R2 

Aksaray 2,07093 5,18172 0,10861 0,21389 0,98309 1,97564 4,84081 0,05115 0,15855 0,99489 1,87654 4,82280 0,00502 0,16636 0,99381 

Ankara 1,99615 4,53453 0,11829 0,20322 0,98612 1,96391 4,27177 0,04853 0,15562 0,99523 1,87204 4,25714 0,00496 0,16279 0,99428 

Çankırı 1,93295 4,13790 0,10481 0,21126 0,98303 1,85729 3,85324 0,06495 0,15636 0,99491 1,74392 3,83052 0,00275 0,16570 0,99358 

Eskişehir 2,01489 4,77344 0,10140 0,18301 0,99104 1,99001 4,54217 0,03856 0,13418 0,99741 1,91522 4,52924 0,00541 0,13972 0,99696 

Karaman 1,74929 4,64305 0,01952 0,16276 0,99344 1,67336 4,44303 0,04774 0,11683 0,99826 1,60173 4,41442 0,00020 0,11967 0,99808 

Kayseri 1,96229 5,08442 0,10584 0,22126 0,97971 1,85689 4,69835 0,06972 0,15874 0,99462 1,73298 4,66573 0,00252 0,16730 0,99337 

Kırıkkale 1,93588 4,63320 0,09366 0,18488 0,99045 1,92990 4,42655 0,04291 0,14728 0,99616 1,85192 4,41237 0,00470 0,15308 0,99551 

Kırşehir 2,08430 5,20668 0,09554 0,20509 0,98571 1,98496 4,89312 0,04431 0,15034 0,99587 1,89777 4,87632 0,00525 0,15633 0,99518 

Konya 1,94887 5,01142 0,09180 0,20870 0,98408 1,87598 4,69633 0,06099 0,15905 0,99463 1,76733 4,67083 0,00324 0,16736 0,99342 

Nevşehir 2,00016 5,06600 0,11816 0,21818 0,98123 1,91779 4,70671 0,06077 0,15984 0,99459 1,80403 4,68176 0,00393 0,16768 0,99345 

Niğde 1,87727 4,73637 0,05828 0,21585 0,98017 1,73837 4,38286 0,07368 0,15232 0,99508 1,62055 4,34155 0,00013 0,15787 0,99433 

Sivas 1,91708 5,62142 0,08540 0,19073 0,98880 1,85499 5,29741 0,05544 0,13433 0,99724 1,75680 5,26839 0,00302 0,14153 0,99660 

Yozgat 2,12778 5,40408 0,08495 0,19051 0,98961 2,04127 5,13081 0,03335 0,13843 0,99710 1,97229 5,11740 0,00573 0,14198 0,99679 

 Wind Energy Intensification Method Justus Moment Method Power Density Method 

 k c WEE RMSE R2 k c WEE RMSE R2 k c WEE RMSE R2 

Aksaray 2,88584 5,37293 0,01997 0,28521 0,94653 1,97376 4,82974 0,05667 0,15732 0,99505 1,86795 4,82199 3,57E-08 0,16738 0,99366 

Ankara 2,88346 4,74631 0,02017 0,28430 0,94682 1,96387 4,26316 0,05425 0,15444 0,99537 1,86359 4,25643 4,77E-08 0,16379 0,99414 

Çankırı 2,82289 4,36165 0,03583 0,29750 0,93328 1,84143 3,84095 0,06400 0,15577 0,99498 1,73995 3,83000 6,01E-10 0,16622 0,99350 

Eskişehir 2,90301 5,01874 0,01539 0,27927 0,95140 1,99296 4,53364 0,04548 0,13256 0,99753 1,90550 4,52854 1,90E-09 0,14098 0,99684 

Karaman 2,74675 5,18491 0,05320 0,31774 0,90468 1,65769 4,42726 0,04432 0,11466 0,99838 1,60197 4,41448 2,41E-11 0,11963 0,99808 

Kayseri 2,81774 5,32308 0,03753 0,30211 0,92947 1,83376 4,67938 0,06653 0,15787 0,99474 1,72940 4,66513 1,32E-09 0,16775 0,99330 

Kırıkkale 2,87326 4,93556 0,02152 0,28752 0,94417 1,93043 4,41850 0,04841 0,14614 0,99627 1,84412 4,41162 1,59E-07 0,15400 0,99540 

Kırşehir 2,89516 5,41648 0,01730 0,28373 0,94765 1,98395 4,88200 0,05029 0,14891 0,99603 1,88854 4,87554 7,99E-09 0,15740 0,99504 

Konya 2,83393 5,29667 0,03242 0,29781 0,93398 1,86238 4,68209 0,06128 0,15832 0,99473 1,76252 4,67013 1,02E-10 0,16796 0,99332 

Nevşehir 2,85186 5,27534 0,02821 0,29409 0,93805 1,90457 4,69176 0,06222 0,15879 0,99473 1,79790 4,68099 4,67E-12 0,16840 0,99334 

Niğde 2,75939 5,07218 0,05308 0,31718 0,90753 1,70281 4,35813 0,06209 0,15078 0,99528 1,62040 4,34151 3,04E-12 0,15789 0,99432 

Sivas 2,82814 5,98676 0,03306 0,29799 0,93325 1,84065 5,28040 0,05549 0,13284 0,99736 1,75237 5,26763 2,31E-10 0,14219 0,99654 

Yozgat 2,92926 5,62662 0,01032 0,27653 0,95386 2,04569 5,12062 0,04119 0,13674 0,99724 1,96125 5,11675 1,05E-12 0,14317 0,99668 

TABLE III. THE CALCULATED WEIBULL PARAMETERS AND WEE, RMSE, AND R2 VALUES FOR THE MARMARA REGION. 
Cities Graphical Method Maximum Likelihood Method Energy Pattern Factor Method 

 k c WEE RMSE R2 k c WEE RMSE R2 k c WEE RMSE R2 

Balıkesir 2,03119 5,95757 0,03084 0,17122 0,99265 1,87911 5,82455 0,01282 0,13342 0,99729 1,85012 5,80387 0,00467 0,12808 0,99770 

Bilecik 1,99314 4,14686 0,03685 0,14188 0,99667 1,93760 4,02452 0,02249 0,10051 0,99916 1,89760 4,01583 0,00525 0,10102 0,99914 

Bursa 2,11349 4,86821 0,07029 0,18851 0,98990 2,01215 4,63177 0,03222 0,13771 0,99712 1,94575 4,61780 0,00562 0,13923 0,99699 

Çanakkale 1,98174 7,37419 0,00388 0,08907 0,99948 1,96294 7,35272 0,00229 0,08195 0,99963 1,96386 7,34557 0,00570 0,08172 0,99963 

Edirne 2,15229 5,59968 0,06711 0,19489 0,98866 2,05184 5,34162 0,03058 0,15060 0,99596 1,98512 5,32571 0,00576 0,15108 0,99591 

İstanbul 2,10587 6,67956 0,02506 0,10733 0,99897 2,11492 6,61436 0,00869 0,09314 0,99942 2,10455 6,61182 0,00522 0,09381 0,99940 

Kırklareli 2,21827 5,10258 0,08645 0,20708 0,98584 2,11285 4,84252 0,02999 0,16140 0,99478 2,04345 4,82993 0,00567 0,16238 0,99465 

Kocaeli 2,19526 4,47692 0,07339 0,18729 0,99058 2,12426 4,29318 0,02501 0,14683 0,99644 2,06649 4,28367 0,00555 0,14723 0,99640 

Sakarya 2,15793 3,97557 0,07213 0,15724 0,99538 2,16530 3,86594 0,01716 0,12745 0,99801 2,12854 3,86176 0,00495 0,12853 0,99794 

Tekirdağ 2,18085 6,55539 0,04074 0,15012 0,99606 2,12767 6,38721 0,01559 0,11836 0,99848 2,09519 6,37845 0,00532 0,11870 0,99846 

Yalova 2,20597 4,94620 0,08580 0,17385 0,99320 2,20266 4,77875 0,01952 0,13956 0,99717 2,15794 4,77412 0,00453 0,14182 0,99699 

 Wind Energy Intensification Method Justus Moment Method Power Density Method 

 k c WEE RMSE R2 k c WEE RMSE R2 k c WEE RMSE R2 

Balıkesir 2,86877 6,50062 0,01807 0,30717 0,92384 1,87220 5,80649 0,01764 0,13125 0,99746 1,84239 5,80288 1,76E-07 0,12710 0,99777 

Bilecik 2,89326 4,46302 0,01555 0,28243 0,94768 1,94345 4,01861 0,03007 0,09896 0,99921 1,88837 4,01518 8,09E-09 0,10214 0,99911 

Bursa 2,91666 5,09587 0,01220 0,28174 0,94960 2,01207 4,62106 0,03889 0,13603 0,99726 1,93527 4,61715 7,55E-11 0,14013 0,99692 

Çanakkale 2,92328 8,09000 0,00905 0,28352 0,94699 1,97611 7,34659 0,01200 0,08516 0,99957 1,95298 7,34461 5,12E-12 0,07904 0,99968 

Edirne 2,93489 5,84626 0,00905 0,28280 0,94973 2,05219 5,32854 0,03785 0,14902 0,99612 1,97385 5,32508 1,57E-07 0,15177 0,99583 

İstanbul 2,98977 7,15380 0,00110 0,26022 0,96452 2,13494 6,61226 0,01827 0,09162 0,99945 2,09279 6,61157 4,97E-10 0,09536 0,99936 

Kırklareli 2,96196 5,26307 0,00506 0,27815 0,95391 2,11840 4,83146 0,03899 0,15996 0,99496 2,03155 4,82955 2,74E-07 0,16307 0,99456 

Kocaeli 2,97242 4,65511 0,00346 0,27272 0,95765 2,13199 4,28458 0,03412 0,14538 0,99658 2,05454 4,28340 8,87E-12 0,14792 0,99633 

Sakarya 3,00091 4,16700 0,00010 0,25943 0,96576 2,18246 3,86187 0,02710 0,12622 0,99808 2,11709 3,86167 2,77E-09 0,12941 0,99788 

Tekirdağ 2,98550 6,90861 0,00165 0,26562 0,96143 2,14011 6,37910 0,02459 0,11708 0,99854 2,08335 6,37816 2,23E-10 0,11962 0,99841 

Yalova 3,01436 5,13510 0,00162 0,25721 0,96741 2,22400 4,77380 0,03058 0,13791 0,99731 2,14710 4,77409 1,44E-08 0,14277 0,99691 
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Table IV concludes that for all three-performance metrics, 

the method with the lowest error value overall is the JMM. 

When all inspected, the one to provide the most efficient 

results has been the PD method. The GM method’s 

performance is low for all stations. Even so, it should be 

mentioned that since every region enjoys specific wind 

energy characteristics, the attained results in this paper 

regarding the performance of the parameters estimation 

methods of the Weibull distribution can only be extended to 

the regions with identical wind energy characteristics.  

TABLE IV. THE RANKING OF THE WEIBULL PARAMETER 

ESTIMATION METHODS. 

 WEE RMSE R2 Overall 

Rank Methods Rank Value Rank Value Rank Value 

JMM 5 0,04415 1 0,13893 1 0,99656 1 

MLM 4 0,04012 2 0,14016 2 0,99644 2 

EPFM 2 0,00433 3 0,14381 3 0,99596 3 

PD 1 2,8E-08 4 0,14440 4 0,99589 4 

WEIM 3 0,02009 6 0,28719 6 0,94283 5 

GM 6 0,08108 5 0,18595 5 0,98850 6 

 

The results show that when compared to the study 

conducted by Sumair, Aized, Gardezi, ur Rehman, and 

Rehman [19], the WEIM has shown weaker results for the 

data of the regions that have been used in this paper. 

VIII. CONCLUSIONS 

In this paper, six different approaches, namely, GM, 

MLM, EPFM, WEIM, JMM, and PD have been analysed for 

their performances in estimating parameters of the two-

parameter Weibull distribution. The comparison made to 

determine the most efficient method consisted of three steps:  

1. Comparing the estimated wind speed probabilities; 

2. Comparing the calculated wind energy densities; 

3. Comparing the resulting performance criteria. 

The results have been as follows:  

 As it is clear from the Fig. 3, the PD method has been 

the closest at estimating the wind speed probability; 

 As it is indicated in the Fig. 4, the PD method has made 

the closest predictions to the actual wind energy densities; 

 While the JMM has showed a high performance, the PD 

method’s error values have also been low. Based on the 

results of the statistical analysis, it has been determined 

that the most accurate method for this study is the PD. 

The GM method showed weak performance for all 

stations. 
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