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Abstract:



On Jeju Island, South Korea, an investigation was conducted to determine the best method for estimating Weibull parameters. Six methods commonly used in many fields of the wind energy industry were reviewed: the empirical, moment, graphical, energy pattern factor, maximum likelihood, and modified maximum likelihood methods. In order to improve the reliability of a research result, five-year actual wind speed data taken from nine sites with various topographical conditions were used for the estimation. Furthermore, the effect of various topographical conditions on the accuracy of the methods was analyzed and 10 bin interval types were applied to determine the most appropriate bin interval based on their performances. Weibull distributions that were estimated using these methods were compared with the observed wind speed distribution. Then the accuracy of each method was evaluated using four accuracy tests. The results showed that of the six methods, the moment method had the best performance regardless of topographical conditions, while the graphical method performed the worst. Additionally, topographical conditions did not affect the accuracy ranking of the methods for estimating the Weibull parameters, while an increase of terrain complexity resulted in an increase of discrepancy between the estimated Weibull distribution and the frequency of the observed wind speed data. In addition, the choice in bin interval greatly affected the accuracy of the graphical method while it did not depend on the accuracy of the modified maximum likelihood method.
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1. Introduction


Demand for renewable energy increases due to a number of environmental factors such as climate change, a limited supply of fossil fuels, acid rain, and so on. Among renewable energies, wind is one of the most popular and promising energy sources. The total capacity of global wind power was 486.8 GW by the end of 2016 representing cumulative market growth of 12% [1]. The total capacity of wind power in South Korea was 1031 MW by the end of 2016 of which Jeju Island represented about 25.9%. Offshore capacity in South Korea was 35 MW at the end of 2016 and all offshore projects were located off the coast of Jeju Island [2].



Weibull distribution is a suitable model for wind speed frequency distribution and it has been widely used in many fields of the wind energy industry. In particular, it provides a convenient representation of potential wind energy, and it is used to assess the economic feasibility of a potential wind farm [3,4,5]. Thus, it is important to determine how closely the data from Weibull distribution estimates match data from actual wind speed distribution. Weibull distribution is a two-parameter function and these parameters—named the shape parameter, k, and the scale parameter, c—determine the form and characteristics of distribution [6,7,8,9]. In addition, two-component Weibull mixtures have been developed to improve the performance under the conditions of bimodal wind speed distribution [10,11,12].



Various methods have been developed to estimate Weibull parameters using observed wind data. Justus et al. [13] suggested an empirical method, which can be calculated using the average and the standard deviation of wind speed data, to provide a practical solution. Stevens and Smulders [14] suggested the maximum likelihood method (MLM), which is based on numerical iteration. Deaves and Lines [15] presented the graphical method, which uses a linear least-squares regression. Akdag and Dinler [16] presented the energy pattern factor method, which was reportedly suitable for calculating power density and average wind speed.



Furthermore, comparative studies of these methods have been conducted using statistical analysis. Seguro and Lambert [17] estimated Weibull parameters using three methods: the MLM, the modified maximum likelihood method (MMLM), and the graphical method. They used sampled wind speed data extracted from known Weibull parameters. Then they estimated Weibull parameters using sample data and compared the estimated Weibull parameters with the known Weibull parameters. Chang [18] analyzed six methods for estimating Weibull parameters: the moment, empirical, graphical, MLM, MMLM, and energy pattern factor methods. He assessed the performance of each method using the Monte Carlo simulation as well as observed wind speed data. On the whole, the MLM performed best. Saleh et al. [19] used observation data from a wind farm in Egypt and studied five numerical methods to determine the most appropriate one: the empirical, MLM, MMLM, graphical, and energy pattern factor methods. They used the root mean square error (RMSE) test to compare the accuracy of each method. This led to the conclusion that the empirical and MLM method was the most appropriate method of the five.



Mohammadi et al. [20] analyzed the wind data from four stations in Canada to determine the most appropriate Weibull parameters estimation method for computing wind power density applying each of the six aforementioned methods: the empirical (Justus), empirical (Lysen), graphical, MLM, MMLM, and energy pattern factor methods. On the whole, the energy pattern factor and empirical (Justus) methods were very favorable while the graphical method was shown to be the worst. Sensitivity was analyzed by Alavi et al. [21] using four wind speed distribution models: gamma, lognormal, Rayleigh, and Weibull. The actual wind data and the truncated wind data generated by removing the decimal digits were applied to the four models and thus they showed that the lognormal model was the best fit with the actual wind data while the Weibull model was the most suitable for the truncated wind data. In addition, MLM was better than the moment method for obtaining Weibull parameters, especially for the truncated wind data.



Many methods for estimating Weibull parameters have been suggested by many researchers, but the accuracy of those methods has received relatively little discussion. The purpose of this study therefore is to examine six methods deemed suitable for estimating Weibull parameters by comparing their data to propose the best method. Four accuracy tests were applied to examine each method’s accuracy and thereby compare methods and the most accurate of the six methods for estimating Weibull parameters was proposed in this study. The different points compared with existing studies are as follows: firstly, more actual wind speed data for the longer-term period of time were analyzed to improve the reliability of the results following each method’s accuracy test. The measurement datasets in one to five sites covering the period of one to three years were usually analyzed in the previous studies [13,14,15,16,17,18,19,20,21], while the datasets in nine sites for five years were analyzed in this investigation. Secondly, although the topographical conditions were known as a major factor influencing wind conditions, it has been little discussed in terms of the accuracy of the methods. The effect of the topographical conditions on the accuracy of the estimation methods was evaluated in this study. Thirdly, the investigation on finding the best wind speed bin interval for improving the performance of the methods was carried out in this study, which has also received little investigation in previous works.




2. Sites and Wind Data


Figure 1 shows the location of Jeju Island and each of its wind measurement sites. Jeju Island is located off the southern coast of the Korean peninsula and has an area of 1849.2 km2, with a length of approximately 73 km running east to west and 41 km north to south. It is a volcanic island with the 1950 m-high Halla Mountain located at its center. Jeju Island has various topographical conditions from the mountainous to coastal areas. Chujado is about 54 km northwest of Hallim, which has an area of 7.05 km2, as shown in the upper left corner [22].


Figure 1. Location of Jeju Island and its measurement sites.



[image: Energies 11 00356 g001]






Nine measurement sites containing meteorological observatories were selected for this study, which were divided into three groups in accordance with the topographical conditions: Chujado, Gapado, and Udo for the islet areas; Gujwa, Hallim, and Moseulpo for the coastal areas; and Aewol, Ohdeung, and Sunheul for the inland areas. Figure 2 presents a 3D terrain map and the ruggedness index (RIX) analysis for the sites. Here, Gapado, Hallim, and Aewol were each selected as representative of their respective topographical conditions. Each 3D map has an actual area of about 6 × 6 km and the center of the map coincides with the measurement point. Meanwhile, the RIX indicates the terrain ruggedness or complexity for a given site. The RIX value is defined as the proportion of the surrounding terrain surface which is steeper than a certain critical slope [23,24]. That is, as the RIX value is higher, the complexity of the terrain increases. In this work, a radius of 3.5 km, a critical slope of 0.3, and number of radii of 72 were used for the RIX calculation. The RIX values were 0% at Gapado, 0.06% at Hallim, and 1.46% at Aewol, respectively.


Figure 2. 3D images and RIX analysis for the measurement sites.
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Table 1 shows sites and measurement conditions. The wind speed was measured by wind sensors on the automatic weather system (AWS) at the measurement sites, and also measured at 10–14 m above ground level for five years, from 2009 to 2013. As for the RIX value, the inland area generally rated higher (1.46–4.21%) while the islet (0–0.31%) and coastal areas (0–0.14%) comparatively rated lower.



Table 1. Sites and measurement conditions. Freq.: Frequency.







	
Sites

	
Position

	
Altitude (m)

	
Data Recovery Rate (%)

	
Time of 0–0.5 m/s

(h/Year) (Freq.)

	
RIX (%)

	
Topographical Condition






	
Chujado

	
126°18′02″ E

	
18

	
95.0

	
404.8

(4.6%)

	
0.00

	
Islet




	
33°57′16″ N




	
Gapado

	
126°16′24″ E

	
13

	
97.6

	
165.3

(1.9%)

	
0.00




	
33°09′58″ N




	
Udo

	
126°57′12″ E

	
39

	
98.6

	
93.3

(1.1%)

	
0.31




	
33°30′23″ N




	
Gujwa

	
126°51′06″ E

	
25

	
98.2

	
137.6

(1.6%)

	
0.00

	
Coastal




	
33°31′21″ N




	
Hallim

	
126°16′02″ E

	
22

	
94.7

	
439.8

(5.0%)

	
0.06




	
33°24′37″ N




	
Moseulpo

	
126°14′60″ E

	
12

	
96.8

	
259.8

(3.0%)

	
0.14




	
33°13′00″ N




	
Aewol

	
126°22′48″ E

	
447

	
93.9

	
502.9

(5.8%)

	
1.46

	
Inland




	
33°23′60″ N




	
Ohdeung

	
126°32′38″ E

	
513

	
89.8

	
876.7

(10.0%)

	
3.53




	
33°25′25″ N




	
Sunheul

	
126°42′42″ E

	
341

	
93.1

	
575.7

(6.6%)

	
4.21




	
33°27′30″ N










Before commencing data analysis, data validation was performed to obtain more reliable results. This was done through three measurement data tests which were described by [25,26]: the range test, relation test, and trend test. Wind data showing significant errors on these tests were removed, which turned out to be less than one percent of all measurement data tested. In addition, since the cup anemometer sensor has comparatively high wind speed thresholds, wind speed distribution estimated by cup anemometer wind speed data can cause the exaggeration of the probability of calm or low wind speed [27,28,29]. Accordingly, wind speed data below 0.5 m/s were removed from the measurements. Time and frequency of the removed wind speed data (0–0.5 m/s) are also listed in the Table 1. Ohdeung had the highest value of all the measurement sites at 876.7 h/year (10.0%), while the lowest value of 93.3 h/year (1.1%) appeared at the Udo site. After performing data validation, the data recovery rate was more than 89.8%.



Table 2 shows the specifications for the AWS anemometer. This sensor is the three-cup anemometer, widely used for measuring wind speeds at observatories. Wind speed data were collected at a sampling rate of 4 Hz and averaged over 10-min intervals.



Table 2. Anemometer specifications.







	
Items

	
Specification






	
Model

	
WM-4-WS




	
Measuring range

	
0–70 m/s




	
Sampling rate

	
4 Hz




	
Threshold

	
Below 0.3 m/s




	
Resolution

	
0.1 m/s




	
Accuracy

	
0–10 m/s: <0.3 m/s

Over 10 m/s: <3%




	
Operation temperature

	
−40–+80 °C




	
Type

	
3-cup anemometer











3. Methods for Estimating Weibull Parameters


The Weibull distribution function is commonly used to represent wind speed distribution. It can be described by the probability density function (PDF) and the cumulative distribution function (CDF). The PDF, f(v), and the CDF, F(v), are expressed thus [30,31]


[image: ]



(1)
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(2)




where v is the wind speed, c is the scale parameter with the same wind speed unit (m/s), and k is a unitless shape parameter. The scale parameter determines the abscissa scale on a plot of the distribution, while the shape parameter determines the shape of the distribution.



The wind speed data were analyzed using the six methods for estimating Weibull parameters, which are briefly explained below.



3.1. Empirical Method


The empirical method has a practical and straightforward solution requiring only the average wind speed, [image: ], and the standard deviation of the wind speed data, σ. Weibull parameters are estimated as [13,32]:


[image: ]



(3)
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(4)




where [image: ] is the Gamma function.




3.2. Moment Method


Using Equation (1), the average wind speed and the standard deviation of the wind speed data can be calculated in the equations [7,33,34,35]:


[image: ]



(5)
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(6)







Dividing the square of Equation (5) by the square of Equations (6) and (7) can be obtained.


[image: ]



(7)







In Equation (7), the shape parameter, k, can be calculated by the numerical iteration method and the scale parameter, c, can be obtained from Equation (4).




3.3. Graphical Method


The graphical method is calculated using a linear least-squares regression. From a double logarithmic transformation in Equation (2), a new linear regression equation is derived as [15,36]:


[image: ]



(8)







Here, a straight line can be drawn through [image: ] on the x-axis and [image: ] on the y-axis. The shape parameter, k, is the slope of the straight line and the scale parameter, c, is obtained by the y-intercept of the straight line.




3.4. Energy Pattern Factor Method


This method uses the energy pattern factor, Epf, which is defined [16,37]:


[image: ]



(9)




where [image: ] is the average of wind speed cubed and [image: ] is the cube of the average wind speed. The shape parameter, k, can be estimated in the equation:


[image: ]



(10)







The scale parameter is estimated using Equation (4).




3.5. Maximum Likelihood Method (MLM)


The maximum likelihood method uses time-series wind data for calculating Weibull parameters. Weibull parameters are estimated using the equations [17,37]:


[image: ]



(11)
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(12)




where vi is the wind speed in timestep i and n is the number of nonzero wind speed data points. Equation (11) should be calculated using numerical iteration, and then Equation (12) can be solved.




3.6. Modified Maximum Likelihood Method (MMLM)


This method uses the wind speed frequency which is applied to the MLM. Weibull parameters are calculated as [18,37]:


[image: ]



(13)






[image: ]



(14)




where vi is the central value of wind speed in bin i, and n is the number of bins. f(vi) is the frequency that the wind speed falls within bin i, and f(v ≥ 0) is the probability that the wind speed equals or exceeds zero.





4. Assessment of Method Accuracy


In order to assess the accuracy of these methods, four accuracy tests were used, which consisted of three error tests (RMSE, the maximum error, and the wind power density (WPD) error) and an analysis of variance, R2. They are described below.



4.1. RMSE


RMSE was used in evaluating the performance of each method statistically. The PDF values obtained from the time-series wind data should be compared with the PDF values obtained by using each method. The RMSE is defined [5,18,38]:


[image: ]



(15)




where [image: ] is the observed PDF value at bin i, and [image: ] is the estimated PDF value computed by each method at the same bin. n is the number of bins.




4.2. Maximum Error


The maximum error, M, is used to calculate the error of CDF and computed in the equation [18]


[image: ]



(16)




where [image: ] is the observed CDF value at bin, i, and [image: ] is the estimated CDF value computed by each method at the same bin.




4.3. Wind Power Density (WPD) Error


An important factor in evaluating the economic feasibility of a potential wind farm, the WPD can be given in two types as follows [7,18,39]:

	
The average WPD of the Weibull distribution obtained using each method:


[image: ]



(17)




where ρ is the air density.



	
The average WPD of the observed wind speeds:


[image: ]



(18)












It is assumed that the air density is constant at 1.225 kg/m3. The WPD error is expressed as a percent error between the results of Equations (17) and (18).




4.4. Analysis of Variance (R2)


The coefficient of determination, R2, indicates how much variance occurs between observed and estimated values, which can be derived using a linear regression analysis method. It can provide a measure of discrepancy between them. It was applied to the Weibull PDF, which is defined by the equation [37]:


[image: ]



(19)




where [image: ] is the observed average PDF value.



The suitability of the estimation was assessed by the R2 test and the most appropriate method is the one with an R2 value closest to 1 [37,38,40].





5. Consideration of Bin Interval


Before applying the graphical and MMLM methods to the observed wind data, the frequency distribution and the cumulative frequency distribution should be calculated. Before doing so, the bin interval used in these distributions must be determined. Since the bin interval generally has an effect on estimating the Weibull parameters, an appropriate interval should be selected. In this work, because the wind speed data have one decimal place, those were analyzed using 10 bin intervals of 0.1 m/s to 1.0 m/s. Table 3 shows the representative data set with different bin intervals of 0.1, 0.5, and 1.0 m/s at Gapado. It also gives the frequency and the cumulative frequency of the wind data observed.



Table 3. The sample data set (site: Gapado). Cum.: Cumulative; Freq.: Frequency.







	
Bin Interval (1 m/s)

	
Bin Interval (0.5 m/s)

	
Bin Interval (0.1 m/s)




	
Bin (m/s)

	
Freq. (%)

	
Cum. Freq. (%)

	
Bin (m/s)

	
Freq. (%)

	
Cum. Freq. (%)

	
Bin (m/s)

	
Freq. (%)

	
Cum. Freq. (%)






	
0.5–1.5

	
4.03

	
4.03

	
0.5–1.0

	
1.65

	
1.65

	
0.5–0.6

	
0.29

	
0.29




	
1.5–2.5

	
8.38

	
12.41

	
1.0–1.5

	
2.38

	
4.03

	
0.6–0.7

	
0.29

	
0.58




	
2.5–3.5

	
11.51

	
23.92

	
1.5–2.0

	
3.58

	
7.60

	
0.7–0.8

	
0.33

	
0.91




	
3.5–4.5

	
11.56

	
35.48

	
2.0–2.5

	
4.80

	
12.41

	
0.8–0.9

	
0.34

	
1.25




	
4.5–5.5

	
11.15

	
46.62

	
2.5–3.0

	
5.68

	
18.08

	
0.9–1.0

	
0.40

	
1.65




	
5.5–6.5

	
10.80

	
57.43

	
3.0–3.5

	
5.83

	
23.92

	
1.0–1.1

	
0.39

	
2.03




	
6.5–7.5

	
9.97

	
67.40

	
3.5–4.0

	
5.87

	
29.79

	
1.1–1.2

	
0.45

	
2.48




	
7.5–8.5

	
9.02

	
76.42

	
4.0–4.5

	
5.69

	
35.48

	
1.2–1.3

	
0.47

	
2.95




	
8.5–9.5

	
7.79

	
84.21

	
4.5–5.0

	
5.63

	
41.10

	
1.3–1.4

	
0.51

	
3.46




	
9.5–10.5

	
6.07

	
90.28

	
5.0–5.5

	
5.52

	
46.62

	
1.4–1.5

	
0.56

	
4.03




	
≥10.5

	
9.72

	
100

	
≥5.5

	
53.38

	
100

	
≥1.5

	
95.97

	
100










5.1. Graphical Method


The F(v) of Equation (8) is such that the cumulative frequency distribution as seen in Table 3 and the Weibull parameters could be calculated using a linear least-squares regression method. Then four accuracy tests were applied to the Weibull parameters calculated based on the 10 types of bin intervals. Figure 3 shows the accuracy test results according to bin interval. In order to assess the performance for each bin interval, the average and five-number summary (maximum, minimum, median, first quartile, and third quartile) values were calculated from the accuracy results at all sites. Performance varied considerably with bin interval. Overall, except WPD error, the remaining accuracy tests showed better performance with decreases in bin interval. As for the WPD error, the Weibull parameters were estimated very well for the wind data with bin intervals of 0.6, 0.7, and 0.8 m/s.


Figure 3. The results of the accuracy tests according to bin interval (graphical method). (a) RMSE; (b) Maximum error; (c) WPD error; (d) R2.
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5.2. MMLM Method


The f(v) in Equations (13) and (14) is frequency distribution such as that of Table 3, and the Weibull parameters can be calculated using numerical iterations method. The results of the accuracy tests are shown in Figure 4. Unlike the graphical method, all the accuracy tests had similar performance for accurate Weibull parameters regardless of the bin interval. In other words, the performance of the MMLM was not really affected by the bin interval.


Figure 4. The results of the accuracy tests according to bin interval (MMLM). (a) RMSE; (b) Maximum error; (c) WPD error; (d) R2.
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Based on the results of the accuracy tests, an appropriate bin interval for each site at the graphical and MMLM methods was presented in Table 4.



Table 4. The appropriate bin intervals for the sites.







	
Methods

	
Bin Interval (m/s)




	
Chujado

	
Gapado

	
Udo

	
Gujwa

	
Hallim

	
Moseulpo

	
Aewol

	
Odeung

	
Sunheul






	
Graphical

	
0.1

	
0.1

	
0.4

	
0.3

	
0.2

	
0.3

	
0.5

	
0.2

	
0.1




	
MMLM

	
0.1

	
1

	
1

	
1

	
0.1

	
0.1

	
0.1

	
0.1

	
0.1












6. Results and Discussion


6.1. Comparison of the Methods


Table 5 shows the characteristics of wind speed data for five years at the nine measurement sites. ‘S.D.’ and ‘C.V.’ stand for the standard deviation and the coefficient of variation, respectively. The islet area generally had the highest average wind speed, the widest wind speed range and the lowest C.V. value of all areas. This area was followed by the coastal and inland areas. This might be because the islet areas have fewer obstacles to disturb the wind flow compared to the other areas, as mentioned in [41,42].



Table 5. Wind speed data characteristics for the three area types.







	
Sites

	
No. of Data

	
Average (m/s)

	
Mode (m/s)

	
Speed Range (m/s)

	
S.D. (m/s)

	
C.V. (%)

	
Skew-Ness

	
Kurtosis






	
Islet

	
Chujado

	
249,708

	
4.4

	
3.1

	
28.3

	
2.5

	
56.6

	
0.9

	
1.5




	
Gapado

	
256,521

	
6.1

	
3.4

	
31.0

	
3.2

	
52.2

	
0.6

	
0.5




	
Udo

	
259,337

	
5.2

	
2.8

	
20.9

	
3.1

	
59.3

	
0.8

	
0.5




	
Coastal

	
Gujwa

	
258,246

	
3.9

	
2.6

	
17.2

	
2.2

	
56.3

	
0.8

	
0.5




	
Hallim

	
249,066

	
3.6

	
1.8

	
18.3

	
2.1

	
58.0

	
0.9

	
1.0




	
Moseulpo

	
254,620

	
3.9

	
2.5

	
23.4

	
2.4

	
61.1

	
1.4

	
3.2




	
Inland

	
Aewol

	
246,856

	
2.9

	
0.9

	
19.6

	
2.1

	
71.7

	
1.7

	
4.1




	
Ohdeung

	
236,021

	
2.0

	
1.3

	
14.8

	
1.2

	
60.4

	
1.8

	
6.6




	
Sunheul

	
244,848

	
3.3

	
2.4

	
25.6

	
1.9

	
56.4

	
0.9

	
1.2










To compare the accuracy of the different methods, Weibull parameters c and k were calculated using each method with the observed wind speed data. Then two types of Weibull distributions were obtained by the estimated values of Weibull parameters using Equations (1) and (2). Finally, four accuracy tests were implemented by comparing estimated Weibull distributions with observed wind speed distribution.



Figure 5 shows comparisons of observed wind speed distributions with estimated Weibull PDFs obtained using the six methods for all measurement sites. As shown in the figures, islet areas generally had a wider range in high wind speed than the other areas, followed by coastal and inland areas, possibly owing to differences in terrain. In addition, the graphical method was shown to be the worst among the six methods when compared with the observed wind speed distribution at all sites.


Figure 5. A comparison between the observed wind speed distributions and estimated Weibull PDFs.
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Table 6 shows the estimated Weibull parameters and the accuracy test results using the six methods. The rankings of the methods which were rated using the average values in each test are also presented in Table 6. Two Weibull parameters had various values depending on the method and the site. The islet area generally had the highest values of scale parameter, c, among all the areas, followed by the coastal and inland areas. The islet area has a distribution which is wider in high wind speed range than the other areas, resulting in the comparatively high values of Weibull scale parameter. As for shape parameter, k, overall, there was a tendency that higher k was found in islet areas and lower k appeared in inland area.



Table 6. The estimated Weibull parameters and the results of the accuracy tests.







	
Parameters

	
Methods

	
Islet

	
Coastal

	
Inland

	
Avg. (Rank)




	
Chujado

	
Gapado

	
Udo

	
Gujwa

	
Hallim

	
Moseulpo

	
Aewol

	
Ohdeung

	
Sunheul






	
k

	
Empirical

	
1.8547

	
2.0253

	
1.7652

	
1.8664

	
1.8085

	
1.7080

	
1.4357

	
1.7276

	
1.8622

	
-




	
Moment

	
1.8305

	
2.0025

	
1.7407

	
1.8422

	
1.7841

	
1.6836

	
1.4147

	
1.7032

	
1.8380

	
-




	
Graphical

	
1.5987

	
1.8421

	
1.7672

	
1.8197

	
1.6688

	
1.5376

	
1.2660

	
1.3523

	
1.5283

	
-




	
Energy

	
1.8204

	
2.0186

	
1.7418

	
1.8353

	
1.7808

	
1.6246

	
1.3718

	
1.5933

	
1.8257

	
-




	
MLM

	
1.8504

	
2.0110

	
1.7695

	
1.8771

	
1.8111

	
1.7429

	
1.5092

	
1.7825

	
1.8664

	
-




	
MMLM

	
1.8756

	
2.0281

	
1.7857

	
1.8984

	
1.8412

	
1.7671

	
1.5376

	
1.8243

	
1.8988

	
-




	
C (m/s)

	
Empirical

	
4.9824

	
6.8656

	
5.8774

	
4.4357

	
4.0436

	
4.3757

	
3.1992

	
2.2749

	
3.7469

	
-




	
Moment

	
4.9797

	
6.8643

	
5.8727

	
4.4334

	
4.0409

	
4.3714

	
3.1923

	
2.2728

	
3.7450

	
-




	
Graphical

	
5.1954

	
7.1691

	
5.6966

	
4.4237

	
4.0590

	
4.5490

	
2.9645

	
2.2676

	
3.8327

	
-




	
Energy

	
4.9785

	
6.8652

	
5.8729

	
4.4327

	
4.0405

	
4.3591

	
3.1766

	
2.2606

	
3.7439

	
-




	
MLM

	
4.9910

	
6.8704

	
5.8947

	
4.4513

	
4.0545

	
4.4011

	
3.2424

	
2.2921

	
3.7571

	
-




	
MMLM

	
5.0510

	
6.9340

	
5.9581

	
4.5160

	
4.1148

	
4.4615

	
3.3059

	
2.3508

	
3.8166

	
-




	
RMSE

	
Empirical

	
0.0021

	
0.0051

	
0.0041

	
0.0075

	
0.0065

	
0.0068

	
0.0130

	
0.0153

	
0.0039

	
0.0071 (2)




	
Moment

	
0.0016

	
0.0048

	
0.0036

	
0.0072

	
0.0058

	
0.0072

	
0.0129

	
0.0157

	
0.0034

	
0.0069 (1)




	
Graphical

	
0.0067

	
0.0047

	
0.0040

	
0.0071

	
0.0045

	
0.0122

	
0.0117

	
0.0300

	
0.0103

	
0.0101 (6)




	
Energy

	
0.0014

	
0.0050

	
0.0037

	
0.0072

	
0.0057

	
0.0085

	
0.0128

	
0.0186

	
0.0033

	
0.0074 (3)




	
MLM

	
0.0020

	
0.0049

	
0.0042

	
0.0078

	
0.0066

	
0.0067

	
0.0146

	
0.0156

	
0.0040

	
0.0074 (4)




	
MMLM

	
0.0029

	
0.0050

	
0.0049

	
0.0088

	
0.0078

	
0.0074

	
0.0164

	
0.0190

	
0.0054

	
0.0086 (5)




	
Maximum error

	
Empirical

	
0.0815

	
0.0702

	
0.0771

	
0.1073

	
0.1030

	
0.0956

	
0.1080

	
0.1663

	
0.1020

	
0.1012 (5)




	
Moment

	
0.0780

	
0.0672

	
0.0731

	
0.1042

	
0.0991

	
0.0922

	
0.1041

	
0.1646

	
0.0983

	
0.0979 (4)




	
Graphical

	
0.0411

	
0.0375

	
0.0278

	
0.0259

	
0.0182

	
0.0504

	
0.0658

	
0.0633

	
0.0478

	
0.0420 (2)




	
Energy

	
0.0765

	
0.0693

	
0.0732

	
0.1033

	
0.0986

	
0.0871

	
0.0957

	
0.1565

	
0.0964

	
0.0952 (3)




	
MLM

	
0.0818

	
0.0687

	
0.0789

	
0.1105

	
0.1044

	
0.1028

	
0.1246

	
0.1737

	
0.1038

	
0.1055 (6)




	
MMLM

	
0.0096

	
0.0180

	
0.0193

	
0.0296

	
0.0178

	
0.0303

	
0.0288

	
0.0439

	
0.0096

	
0.0230 (1)




	
WPD error (%)

	
Empirical

	
2.494

	
0.899

	
1.852

	
2.293

	
2.118

	
6.257

	
7.734

	
9.915

	
2.610

	
4.019 (4)




	
Moment

	
1.048

	
0.218

	
0.192

	
0.867

	
0.565

	
4.551

	
5.553

	
8.315

	
1.182

	
2.499 (2)




	
Graphical

	
36.603

	
25.641

	
10.775

	
0.021

	
10.780

	
24.591

	
2.605

	
38.504

	
39.786

	
21.034 (6)




	
Energy

	
0.421

	
0.575

	
0.271

	
0.445

	
0.350

	
0.020

	
0.682

	
0.034

	
0.430

	
0.359 (1)




	
MLM

	
1.706

	
0.041

	
1.310

	
1.938

	
1.513

	
7.310

	
12.693

	
11.723

	
2.083

	
4.480 (5)




	
MMLM

	
0.223

	
1.950

	
0.681

	
1.037

	
0.822

	
5.249

	
10.508

	
7.584

	
0.553

	
3.179 (3)




	
R2

	
Empirical

	
0.9986

	
0.9865

	
0.9934

	
0.9879

	
0.9917

	
0.9909

	
0.9865

	
0.9929

	
0.9970

	
0.9917 (3)




	
Moment

	
0.9992

	
0.9876

	
0.9948

	
0.9889

	
0.9934

	
0.9899

	
0.9884

	
0.9932

	
0.9977

	
0.9926 (1)




	
Graphical

	
0.9913

	
0.9909

	
0.9945

	
0.9896

	
0.9974

	
0.9749

	
0.9966

	
0.9805

	
0.9859

	
0.9891 (5)




	
Energy

	
0.9994

	
0.9869

	
0.9947

	
0.9891

	
0.9936

	
0.9861

	
0.9915

	
0.9927

	
0.9980

	
0.9924 (2)




	
MLM

	
0.9987

	
0.9873

	
0.9929

	
0.9869

	
0.9914

	
0.9910

	
0.9770

	
0.9905

	
0.9967

	
0.9903 (4)




	
MMLM

	
0.9973

	
0.9869

	
0.9903

	
0.9832

	
0.9878

	
0.9887

	
0.9689

	
0.9826

	
0.9941

	
0.9866 (6)










As for the RMSE and maximum error, Chujado and Udo showed the best performance while Ohdeung and Aewol had the worst performance. It was confirmed that most of the errors came out of the low speed range as shown in Figure 5 such that the accuracy of the methods was determined according to how well the methods fit the low speed range of the observed data. In the WPD error, Gujwa showed the best performance while Ohdeung showed the worst. Generally, the sites with values close to zero in both skew and kurtosis showed better results after factoring in WPD error. In fact, Gapado, Udo, and Gujwa (skew: 0.6–0.8, kurtosis: 0.5) showed better performance than did the other sites. The former yielded positive lower values in both skew and kurtosis as shown in Table 5, while Ohdeung showed the worst, yielding the highest values among the sites (skew: 1.8 and kurtosis: 6.6). In the analysis of variance (R2), Chujado had the best performance while Aewol showed the worst.



Based on Table 6, performance results are plotted according to the method in Figure 6, which shows the average and five-number summary (maximum, minimum, median, first quartile, and the third quartile) values calculated from the accuracy results for all sites. In conclusion, on the whole, it was found that the best method for estimating Weibull parameters was the moment method. The moment method showed the best performance among the two tests: the RMSE, the analysis of variance, R2. Furthermore, it showed the second-best performance in terms of the WPD error and the fourth-best performance in terms of maximum error. Next, the energy pattern factor method had the second-best accuracy in all the accuracy tests, followed by the empirical method. In particular, the energy pattern factor method showed the best result in terms of the WPD error for all sites. Since the equation for this method uses the energy pattern factor, Epf, which is calculated from the average of wind speed cubed, [image: ], the estimated Weibull parameters from this method generally apply to the distribution of wind speed cubed and also decrease the WPD error.


Figure 6. The accuracy test performance of each method. (a) RMSE; (b) Maximum error; (c) WPD error; (d) R2.
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On the other hand, the graphical method showed the worst performance of the six methods. As pointed out by Seguro and Lambert [17], the graphical method uses cumulative wind speed frequency distribution, not real wind speed data, to find the linear least-squares regression line, which leads to each bin weighted equally regardless of the number of data. That is the main reason why the graphical method is somewhat inaccurate compared to other methods. Meanwhile, in this work, the MLM and MMLM methods resulted in the second and third worst performances. In comparison with other studies [17,18,19,21], the MLM and MMLM methods showed better performances for estimating Weibull parameters, which was against the result of this work. Since wind speed data less than 0.5 m/s were not used to estimate Weibull parameters in this work, that seems to have affected the performance of the estimation. Furthermore, because the MLM and MMLM methods use the logarithmic equations to estimate the shape parameter, k, values lower than 0.5 m/s might affect the computation of these logarithmic equations.




6.2. Impact of Topographical Conditions on the Performance of the Methods


The results of the accuracy tests according to the topographical conditions are indicated in Table 7. Although accuracy ranking of the methods is not consistent depending on the accuracy tests, it is similar for each accuracy test regardless of the topographical conditions. In other words, there were no better methods relying on specific terrain conditions for estimating Weibull parameters more accurately.



Table 7. The results of the accuracy tests according to the topographical conditions.







	
Tests

	
Methods

	
Average

	
Rank




	
Islet

	
Coastal

	
Inland

	
Islet

	
Coastal

	
Inland






	
RMSE

	
Empirical

	
0.0037

	
0.0069

	
0.0107

	
4

	
2

	
2




	
Moment

	
0.0033

	
0.0067

	
0.0107

	
1

	
1

	
1




	
Graphical

	
0.0052

	
0.0079

	
0.0173

	
6

	
5

	
6




	
Energy

	
0.0034

	
0.0071

	
0.0116

	
2

	
4

	
4




	
MLM

	
0.0037

	
0.0070

	
0.0114

	
3

	
3

	
3




	
MMLM

	
0.0043

	
0.0080

	
0.0136

	
5

	
6

	
5




	
Maximum error

	
Empirical

	
0.0763

	
0.1020

	
0.1255

	
5

	
5

	
5




	
Moment

	
0.0727

	
0.0985

	
0.1223

	
3

	
4

	
4




	
Graphical

	
0.0355

	
0.0315

	
0.0590

	
2

	
2

	
2




	
Energy

	
0.0730

	
0.0963

	
0.1162

	
4

	
3

	
3




	
MLM

	
0.0765

	
0.1059

	
0.1340

	
6

	
6

	
6




	
MMLM

	
0.0157

	
0.0259

	
0.0274

	
1

	
1

	
1




	
WPD error (%)

	
Empirical

	
1.748

	
3.556

	
6.753

	
5

	
4

	
4




	
Moment

	
0.486

	
1.994

	
5.017

	
2

	
2

	
2




	
Graphical

	
24.340

	
11.797

	
26.965

	
6

	
6

	
6




	
Energy

	
0.422

	
0.272

	
0.382

	
1

	
1

	
1




	
MLM

	
1.019

	
3.587

	
8.833

	
4

	
5

	
5




	
MMLM

	
0.952

	
2.370

	
6.215

	
3

	
3

	
3




	
R2

	
Empirical

	
0.9928

	
0.9902

	
0.9921

	
4

	
2

	
3




	
Moment

	
0.9939

	
0.9908

	
0.9931

	
1

	
1

	
2




	
Graphical

	
0.9922

	
0.9873

	
0.9876

	
5

	
5

	
5




	
Energy

	
0.9937

	
0.9896

	
0.9941

	
2

	
4

	
1




	
MLM

	
0.9930

	
0.9898

	
0.9881

	
3

	
3

	
4




	
MMLM

	
0.9915

	
0.9866

	
0.9819

	
6

	
6

	
6










On the other hand, the error values themselves such as RMSE, maximum error, and WPD error were dependent on the variation of topographical conditions. That is, the islet area showed the least error values in almost all methods for estimating Weibull parameters, followed by the coastal and inland areas. Similar tendency was found at the R2 test, where the islet area had the biggest R2 value in all the terrain conditions.



In conclusion, when the Weibull distribution is used as a statistical model for wind speed distribution in order to assess economic feasibility of a wind power project, the different estimation uncertainty for Weibull parameters should be applied based on the topographical condition. That is, as terrain complexity increases, the higher uncertainty should be used for estimating Weibull parameters. Actually, the WPD error by the moment method showed the difference of 0.486–5.017% with variation of the topographical conditions in Table 7.




6.3. Wind Resource Extrapolation


The Weibull distributions have been used to assess potential wind energy. The accurate assessment for wind energy at wind farm sites is important for reliable economic evaluation. The average wind speed and the wind power density have been used as simple but important factors for evaluating wind energy resources at a given site. Those should be estimated based on a hub height of a wind turbine.



In this investigation, the average wind speed and wind power density were estimated for all sites studied. A hub height was assumed to be 100 m because wind turbines with more than 100 m hub height are currently common. However, the wind speed was actually measured at 10–14 m height and therefore the wind speed should be extrapolated to a target height of 100 m. There are some mathematical models to estimate the wind speed at a required height. Of them, the power law is the most common method and can be expressed as [25,30,31]:


[image: ]



(20)




where v1 and v2 are simultaneous wind speeds at heights of h1 and h2 respectively and exponent α is power law exponent.



In order to calculate the power law exponent, at least two wind speed measurements at different heights are required but the measurements at a single height were only used in this study. Thus, Equation (20) could not be directly applied for extrapolation in this study. However, another way of handling power law method was suggested by Justus and Mikhail [33]. They estimated power law exponent using Weibull distribution and power law exponent can be expressed as the equation [30,33,43]:


[image: ]



(21)




where [image: ] is Weibull scale parameter known at a height of h1.



In addition, the relevant formula with Weibull parameters was also suggested in the two equations [33,43]:


[image: ]



(22)






[image: ]



(23)




where [image: ], [image: ] and [image: ], [image: ] are Weibull scale and shape parameters at heights of h1 and h2, respectively. Average wind speed at a target height (e.g., a hub height of the wind turbine) can be estimated using Equation (5) where two Weibull parameters, c and k, at a target height were calculated using Equations (21)–(23) with known values of Weibull parameters at a different height. Meanwhile, wind power density at a target height can be estimated using Equation (17) with those parameters calculated.



Figure 7 shows five-year average wind speeds and wind power densities for all measurement sites. In addition to the average wind speed and the wind power density at a hub height of 100 m, those at measurement heights of 10–14 m were also provided in the Figure. Here, the air density is assumed to be constant at 1.225 kg/m3. Additionally, the average wind speed and the wind power density at 10–14 m height were calculated from actual wind speed data but wind speed less than 0.5 m/s was not used for the calculation. The estimated 10–14 m-high Weibull parameters were required to estimate Weibull parameters at 100 m height. Thus the 10–14 m-high Weibull parameters were brought from the values estimated by the moment method in Table 6, because the moment method was assessed as the most accurate method in this study.


Figure 7. Five-year average wind speed and wind power density for all measurement sites.



[image: Energies 11 00356 g007]






In Figure 7, the islet area had the highest average wind speed and wind power density among the three types of terrain conditions, followed by the coastal and inland areas. The average wind speed and the wind power density in Gapado were higher than those in the other sites and were 9.7 m/s and 868.0 W/m2 at 100 m height. On the other hand, Odeung was the lowest in all the sites which were 4.0 m/s and 70.0 W/m2 at 100 m height. It should be noted that estimated average wind speed and the wind power density might be exaggerated since that those were estimated under the condition that wind speed measurements less than 0.5 m/s were not used for the estimation.





7. Conclusions


The six methods for estimating Weibull parameters were introduced and their accuracy was evaluated using four accuracy tests applied to each. Five-year wind data taken from nine Jeju sites consisting of three different topographical conditions were analyzed to raise the reliability for evaluation purposes. Additionally, the effect of variation in topographical conditions on the accuracy of the estimation methods was evaluated. In addition, 10 bin interval types were considered for graphical and MMLM methods to assess how much the bin interval affected the performances of these methods. The results are summarized as follows:

	(1)

	
When applying the MMLM, the bin interval did not significantly affect the performance of the estimation whereas for the graphical method, the performance depended on the bin interval. The graphical method suggested a better performance as bin interval decreased in the accuracy tests of RMSE, maximum error, and R2.




	(2)

	
The variation in topographical conditions did not affect the accuracy ranking of the methods and there were no better methods relying on specific terrain condition.




	(3)

	
As terrain complexity increased, the estimation uncertainty for Weibull parameters also increased. Therefore, in order to evaluate the economic feasibility, future wind farm developers should take into account different estimation uncertainties for the Weibull distribution based on the variation in topographical conditions.




	(4)

	
The moment method performed the best and was the most accurate for all topographical conditions among the six methods. The energy pattern factor and empirical methods were ranked next best.




	(5)

	
The graphical method performed the worst among the six methods in this study.




	(6)

	
The observed distribution containing values close to zero in both skewness and kurtosis shows the best performance of the WPD error.









For future work, it is necessary to employ new statistical models for fitting wind speed distribution including a typical day model [44], which can extract the samples based on the matrix with suitable dimensions.
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Nomenclature




	
c

	
Scale parameter of Weibull distribution (m/s)




	
Epf

	
Energy pattern factor, dimensionless




	
f(v)

	
Probability density function




	
F(v)

	
Cumulative distribution function




	
h

	
Height (m)




	
k

	
Shape parameter of Weibull distribution, dimensionless




	
n

	
Number of observations performed




	
v

	
Wind speed (m/s)




	
[image: ]

	
Average wind speed (m/s)




	
[image: ]

	
Average of wind speed cubed (m3/s3)




	
vi

	
Observed wind speed in stage, i, (m/s)




	
Greek Letters




	
α

	
Power law exponent, dimensionless




	
ρ

	
Air density (kg/m3)




	
σ

	
Standard deviation of wind speed (m/s)








Abbreviation




	AWS
	Automatic weather system



	CDF
	Cumulative distribution function



	C.V.
	Coefficient of variation



	MLM
	Maximum likelihood method



	MMLM
	Modified maximum likelihood method



	PDF
	Probability density function



	RIX
	Ruggedness index



	RMSE
	Root mean square error



	S.D.
	Standard deviation



	WPD
	Wind power density
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