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Abstract. This paper analyzed the harmony of the Weibull Distribution Function (WDF)

and the real data obtained from three different locations. The Standard Deviation Method

Weibull distribution
function;

Standard deviation
method;

Wind energy
potential.

(SDM) was used to calculate the coefficients of the WDF in Adana, Osmaniye and Hatay
regions. One of the important purposes of this study is to observe how the performance
of the SDM changes in regions with different mean wind speeds. The statistical fittings
of the calculated and measured hourly wind speed data were evaluated for justifying the
performance of the SDM. According to the results, Root Mean Square Error (RMSE),
coefficient of determination (R?) and Mean Percentage Error (MPE) error analyses tests

were used to evaluate the performance of the mentioned method in all three selected
regions. The performance of the method mentioned in this study was examined in detail
at different regions with different geographic characteristics. For the selected three regions,
the performance of the SDM was evaluated at different mean wind speeds varying over
the years. In addition, the performance of the selected method in three different regions
was examined in detail in those same years and it was observed how geographical factors
affected the performance of the method.

(© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

In recent years, the need for energy is constantly
increasing due to developing technology and an increas-
ing population [1]. The fact that fossil energy sources
will become exhausted and their harmful effects on
the environment has caused all countries to turn to
renewable energy sources [2]. The needs of countries
to meet their energy deficits are seriously affecting
countries politically and economically. As a conse-
quence of the consumption of limited reserves of fossil
fuel and their environmental effects, the attention to
renewable energy sources has increased. The capacity
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usage of wind energy resources is increasing year by
year worldwide [1,3,4]. Figure 1 shows how global
installed wind power capacity has changed from 2004 to
2016. As can be seen from this figure, a similar increase
is observed in the installed wind power capacity in
recent years. In 2016, total global installed wind power
capacity reached 486.75 GW worldwide [1,5,6].
Turkey can be considered a poor country in terms
of fossil fuel sources, but Turkey is a country rich in
renewable energy sources because of the geographical
characteristics of the region. For this reason, wind
energy and other renewable energy sources are very
important energy subjects in all developing countries
such as Turkey [1]. It is anticipated that in 2020, in
Turkey, electricity consumption will have increased to
392 TWh with an annual increase of 6.9% according to
the highest scenario, and to 357.4 TWh with an annual
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Figure 1. The change of installed wind power in the
world according to years.
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increase of 5.5% according to the base scenario. In
2016, new plants with a total of 5,899 MW were added
to the system, and the installed power will have reached
78.497 GW level by the end of 2016 [7]. Currently,
the unit cost of energy consumption in Turkey is still
high due to the lack of fossil energy resources, and its
dependence on foreign aid. It can be said that a
significant increase has been observed in the energy
variety and use of renewable energy resources during
recent years due to new laws and regulations intro-
duced, especially in the renewable energy investments
field. In 2016, if one looks at the overall share of energy
sources in electricity production in Turkey, 32.1% of the
electricity generation was obtained from natural gas,
33.9% from coal, 24.7% from hydraulic energy, 5.7%
from wind energy, 1.8% from geothermal energy, and
1.8% from other resources [7]. It can be said that wind
energy is one of the most popular renewable energy
resources [1,6]. It is shown in Figure 2 that the installed
wind power capacity of Turkey rose by more than 25%
every year between 2011 and 2015. Finally, the power
of all installed wind turbines reached 6081 MW level
at the end of 2016; a value of around 29% has been
recorded.
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Figure 2. The change of installed wind power in the
Turkey according to years.
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2. Literature review

Many studies have been and are being carried out to
determine wind energy potential throughout the world.
In most of these studies, the Weibull Distribution
Function (WDF) which is compatible with wind speed
data is used to estimate the wind energy potential for a
selected region. The most important indicator in deter-
mining the wind energy potential is the parameters of
the WDF. Many different numerical methods were used
in the literature to compute these parameters. Some of
these studies in the literature are given below.
Chaurasiya et al. [8] estimated the parameters of
the WDF with different methods and compared the
performance of the used methods at different heights.
Soulouknga et al. [9] used the WDF to determine wind
potential in selected locations and they determined
wind power densities at different altitudes in selected
regions. Katinas et al. [10] calculated the dimension-
less shape ‘k’ coefficient and scale ‘c’ coefficient for
Lithuania using different methods and analyzed the
results. Aries et al. [11] assessed the accuracy of dif-
ferent probability density functions for modeling wind
speed distribution in four different regions distributed
over Algeria. They used the L-moments method,
the maximum likelihood method, the moment method
and the power density method, while determining the
coeflicients of WDF. Usta et al. [12] introduce a new
estimation approach that could be used to calculate the
parameters of WDF for the estimation of wind power
and reviewed the previous estimation methods used to
determine the coefficients of WDF. Shoaib et al. [13]
evaluated the performance of WDF using real wind
data measured at five different altitudes and revealed
the wind power potential of the selected region at the
Baburband site. Katinas et al. [14] evaluated the ap-
plication of WDF by summarizing the power density of
wind energy in selected regions. They used eight meth-
ods to determine the reliability of calculating ¢ shape k
and scale ¢ parameters. Aukitino et al. [15] investigated
wind energy resource at two locations in Kiribati and,
performed and analyzed wind speed, direction, ambient
temperature and pressure. Freitas et al. [16] introduced
a new approach for evaluating the numerical methods
used in determining the coefficients of WDF for esti-
mation of wind energy potential. Azad et al. [17] used
different methods to find the coefficients of the WDF
and examined how the performance of these methods
changed at different heights. Kaoga et al. [18] used five
different methods to find the coefficients of the WDF
for the Cameroon region, and examined the perfor-
mance of these methods in different error analysis tests.
The coefficients of WDF must be determined to calcu-
late the average wind speed and wind energy potential
of the selected region. In this study, the Standard
Deviation Method (SDM) method has been used and
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the performance of this method has been investigated
in three different regions with different average wind
speed and character. Therefore, it has been observed
how the performance of the WDF changes with differ-
ent geographical features and at different mean wind
speeds. The performance of the SDM method used to
determine the coefficients of WDF has been examined
in detail using different error analysis methods.

3. Wind measurement sites

The selected regions are given in Figure 3. Adana
is situated in the southern part of Turkey which is
23 m above sea level. The coordinates of Adana are
35.32 east longitude and 37.00 north latitude. Hatay
is situated in the southern part of Turkey which is
85 m above sea level. The coordinates of Hatay: 36.35
east longitude and 36.40 north latitude. Osmaniye is
situated in the southern part of Turkey which is 150 m
above sea level. The coordinates of Osmaniye: 36.17
east longitude and 37.21 north latitude. Three separate
regions with different average wind speeds have been
chosen so that the performance of the given method
can be evaluated at different wind speeds.

Turkey should use renewable energy more widely
in order to meet the increasing energy demand and
should increase the installed wind power capacity. New
wind energy targets must be determined and necessary
investments should be made. In order to reduce
production costs in wind energy and to increase the
share of wind in total energy production, it is necessary
to establish more efficient systems. Developments
in wind turbine technologies are generally aimed at
increasing production capacity without compromising
physical strength and operating quality.

3.1. Wind data analyses
Monthly variations of mean wind speeds in the selected

regions are shown in Figure 4 in detail, in all years.
This figure is a very important indicator in determining
the wind energy characteristics of three locations. As
can be seen in the figure, wind characteristics and
average wind speeds are different in three selected
regions. The reason for choosing three different regions
with different wind characteristics is to observe the
performance of the SDM used to find the coeflicients
of the WDF under different wind characteristics and in
regions with different mean wind speed.

This study examines the compatibility of the
SDM used to find the parameters of WDF at different
selected locations with real wind data at a height of ten
meters. Figure 5 shows the wind direction intensity of
three selected regions [1].

4, QOutline of the methodology

A variety of distribution functions are used to de-
termine the wind rate distribution. Two-parameter
Weibull and Rayleigh distribution functions are the
most widely used parameters. As Rayleigh distribution
has a single parameter, it is less flexible compared to
that of Weibull’s, however, estimation of its parameters
is much easier. Wind data analysis of a region is
a process in which the performance of that region
is predicted by utilizing the values that have been
previously measured and obtained accordingly [19,20].

4.1. Determination of wetbull parameters
Different numerical methods are used to calculate the
parameters of the WDF. The general expression of the
WDF is given in the following equations. The WDF has
two parameters; these parameters are dimensionless
shape ‘k’ coefficient and scale ‘¢’ coefficient which has
the same unit with wind speed [10,21]:

o= Q] o

Figure 3. Locations of wind speed observations used in this study.
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Figure 4. The mean wind speed of selected locations
according to years and months: (a) Adana region, (b)
Hatay region, and (c) Osmaniye region.

P(v) =1 —exp {_(g)k] . (2)

4.1.1. Standard Deviation Method (SDM)

In this method, the average wind speed and the
standard deviation values are used to calculate the
WDF. The shape ‘k’ and the scale ‘¢’ coefficients can
be calculated as in Eqs. (3) and (4) [10,17]:

k= (%) o (3)

Here, I' is Gamma function [11].

Vin
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Figure 5. The wind speed directions of (a) Adana, (b)
Hatay, and (c) Osmaniye.

Here, o shows standard deviation and V,,, average speed
[15].

v, = %; 5)

n

1

o= EZ(M_Vm>2' (6)

=1

In this study, hourly average wind speed data was used
to find the dimensionless shape ‘k’ parameter and scale
‘¢’ parameter. In all three regions, wind speed values
were measured hourly between the years 2009 and 2017
and about 77.760 wind speed data were used for each
region in total.
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4.2. Wind power calculation

Nowadays, studies on this subject are undertaken to
find wind energy potential at different selected regions.
In order to obtain wind energy from a region, firstly
the potential of the wind energy of the region must
be determined. In general, the energy of the wind is
expressed as the following equation [13,21,22]:

P,y = %pAv? (7)

As can be seen from the above equation, wind speed
is the most important input to calculate wind energy
potential because wind energy is proportional to the
speed of the wind. Small changes in wind intensity
can make big and important differences in wind energy.
When wind energy farms are established, the most
important markers are how often and how long the
desired wind intensity occurs. As understood from the
equation given above, wind speed directions do not
have any factor in determining the potential of wind
energy. Firstly, to determine the characterization of
wind energy at a selected region, hourly wind speed
values and wind directions are examined [23,24,25].

5. Results and discussion

The ‘K’ coefficient of WDF is a very determinative
factor in determining the wind energy characteristics
of a selected wind site. The ‘¢’ coefficient of WDF
indicates the wind power potentiality of the selected
location. The greater the value of ¢ means the more
potential wind sites have. The performance of all used
numerical methods in estimating WDF parameters at
different locations has been graphically compared. The
determined shape and scale coefficients of WDF for
the selected three locations are shown in Figure 6,
respectively.

One of the most important factors is the dimen-
sionless ‘k’ parameter to determine the wind charac-
teristics of the selected regions. The calculated ‘&’
parameter is generally greater than ‘1’ for three regions,
so these values indicate that the wind speeds vary at
an average level. The smaller values of ‘k’ correspond
to more variables winds, whereas higher values of ‘&’
correspond to less variable winds. The ‘&’ value of the
Adana region had the lowest value of 1.1786 in 2010
and the highest value of 2.5339 in 2013. The ‘£’ value
of the Hatay region had the lowest value of 1.1817 in
2016 and the highest value of 5.4257 in 2010. The ‘&’
value of the Osmaniye region had the lowest value of
1.0028 in 2010 and the highest value of 1.7823 in 2012.
In regions where average wind speed is greater, the ¢
parameter is higher in value. The ‘¢’ value of the Adana
region had the lowest value of 0.7910 m/s in 2009 and
the highest value of 2.0927 m/s in 2013. The ‘¢’ value
of the Hatay region had the lowest value of 0.8476 m/s

in 2011 and the highest value of 5.2575 m/s in 2016.
The ‘¢’ value of the Osmaniye region has the lowest
value of 1.3359 m/s in 2010 and the highest value of
3.3825 m/s in 2015. As can be seen from Figure 5, the
scale parameter ‘c’ values change monthly and yearly
for the selected regions depending on the mean wind
speed.

5.1. Statistical error analysis

Three different statistical indicators: RMSE (the Root
Mean Square Error), R? (analysis of variance) and
MPE (Mean Percentage Error), were used to evaluate
the performance of the methods used and to com-
pare the results of each method with other methods
[8,12,18,26]:

e RMSE:
LN 3
MSE = | = - )| .
mtse = 230 m] ®)
o R
N 2 2
Zl (yl - Zi) - Zl (yz - xz)
2 _ 1= 1=
R - N ) (9)
;(yz_zz)
e MPE:
1 & Ti— Y
MPE = - > (y) % 100%. (10)

=1

The calculated statistical error results were shown
in Table 1. The performance of the WDF can be
assessed by applying the above statistical tests. When
analyzing the compatibility of the used method with
actual wind data; the results of RMSE and MPE
statistical tests are close to zero, indicating that the
performance of SDM is good, and the results of the
R? statistical test are close to one, indicating that the
performance of SDM is good [1,7,10].

When the table is evaluated in general, it can
be said that all statistical error analysis methods give
very good results. The results obtained were compared
for regions with three different mean wind speed and
the values were found to be very close to each other.
Although these results vary little from year to year,
it shows that this method while determining Weibull
coeflicients performs very well at different mean wind
speed values.

5.2. Power density assessment

As known, the difference between the estimated wind
energy by the WDF and the calculated wind energy
by actual time series data can be used as an indicator
to evaluate the performance of the used method. The
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Figure 6. The determined ‘&’ and ‘¢’ coefficients of Weibull Distribution Function (WDF) for (a) Adana, (b) Hatay, and

(c) Osmaniye.

? 7

If we replace the actual values in the given equations

mean wind speed ‘V,,” and wind power density ‘P,,

can be calculated by the Eqs. (11) and (12) [27,28]: (p = 1.223 kg/m?), the mean wind speed and power
can be calculated. The measured mean wind speed

1 and calculated wind power by time series wind speed

V== v, (11)  data are V,, = 1.4734 and P,, = 5.0740 W/m? for
i Adana, V,, = 1.9111 and P,, = 12.4114 W/m? for

Hatay, and V,,, = 2.2735 and P,, = 25.2215 W/m? for

po— lpﬁ (12) Osmaniye, respectively. The results in all three regions
™2 were obtained using hourly wind speed data between
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Table 1. The results of statistical error tests for three selected regions.
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SDM Adana Hatay Osmaniye
Year R? RMSE MPE R? RMSE MPE R? RMSE MPE
2009 1.00000 0.00006 0.00080 0.99999 0.00272 0.03992 0.99994 0.00091 0.05844
2010 1.00000 0.00004 0.00086 0.99999 0.00253 0.03532 0.99973  0.00264 0.17519
2011 1.00000 0.00003 0.00067 0.99997 0.00276 0.12728 0.99996  0.00057  0.02940
2012 1.00000 0.00004 0.00036 0.99995 0.00306 0.18045 0.99992 0.00093 0.01439
2013 0.99253 0.01681 0.32475 0.99997 0.00273  0.06415 0.99995 0.00082  0.01272
2014 1.00000 0.00001 0.00018 1.00000 0.00002 0.00031 0.99999 0.00012 0.00516
2015 1.00000 0.00002 0.00007 1.00000 0.00000  0.00007 0.99999 0.00020 0.00874
2016 1.00000 0.00000 0.00000 1.00000 0.00001 0.00016 1.00000 0.00002  0.00012
2017 1.00000 0.00001 0.00020 1.00000 0.00001 0.00002 1.00000 0.00001 0.00004
Table 2. The comparison of calculated and estimated results.
The obtained results by SDM Real measured values
20092017 k c (m/s) Vi (m/s) pwo (W/m?) V,, (m/s) P, (W/m?)
Adana 1.7159 1.6484 1.4699 4.4065 1.4734 5.0740
Hatay 1.7199 2.1326 1.9013 9.5102 1.9111 12.4114
Osmaniye 1.2973 2.4588 2.2719 24.7511 2.2735 25.2215

2009 and 2017.The average wind speed ‘V,,” and wind
power density ‘p,,’ of WDF can be calculated by the
Eqgs. (13) and (14) [1,11,29,30]:

1
w = (1 7.1
v c ( —l—k)
1 3
et (143

(13)

P = =pc’T (14)

Both the actual mean wind speed and power values
for the three selected locations were calculated and the
average speed and power values were calculated using
the WDF. The obtained results are given in Table 2.
When ‘k’” and ‘¢’ values are examined, it is seen that the
most suitable region in terms of wind energy capacity
is the Osmaniye region with the highest average wind
speed value. It was found that SDM provided a very
good performance for three different locations based on
the calculated and estimated power densities based on
nine-year wind speed data.

6. Conclusions

The main objective of this paper is to evaluate the
performance of Standard Deviation Method (SDM)
for calculating the coefficients of Weibull Distribution
Function (WDF) at three different regions with dif-
ferent average wind speed. Three different statistical
error tests were used to evaluate the results obtained
with SDM. The results of statistical indicators showed

that the estimated values for SDM provide close to real
wind speed values at three different locations. Based
on the results derived from the data obtained over
a nine-year period, it was observed that conformity
with the real data of the methods used for determining
Weibull coefficients may change in line with mean wind
speed. The parameters of WDF were evaluated in
detail monthly and yearly for the selected regions. The
average wind speeds and wind power densities were
calculated for all selected regions. It was detected that
there might be differences via R?, Mean Percentage
Error (MPE) and Rot Mean Square Error (RMSE)
statistical indicators and evaluations made according
to average wind speed and power intensities for the
selected locations. Some important outcomes of this
article can be summarized as follows:

e The statistical analysis of wind power density and
wind speed distribution parameters in the selected
regions were investigated using measured wind
speed data between 2009 and 2017, and the three-
dimensional graph is shown in all three regions with
monthly average wind speeds changing according to
the year;

o The average wind power values for the three regions
were estimated using the SDM method. These
values are 4.4065 W/m? for Adana, 9.5102 W/m?
for Hatay and 24.7511 W/m? for Osmaniye. For
the selected three regions, the average power values
were calculated from real wind data. These values
are 5.0740 W/m? for Adana, 12.4114 W/m? for
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Hatay and 25.2215 W/m? for Osmaniye. When
the results were generally evaluated, it can be said
that the SDM shows a good performance in the
three different regions while determining Weibull
coefficients;

This paper shows the compatibility of SDM with
real wind speed data for the selected regions and
this study may provide a forecast for investments of
wind power to be made in these selected regions;

When ‘4’ and ‘¢’ coefficients are evaluated for the
three different regions, maximum values, which are
k = 5.4257 and ¢ = 5.1315, are obtained for the
Hatay region with the highest average wind speed
in 2010;

According to the statistical error analysis results,
it can be said that the SDM to determine the
coefficients of WDF has a very good performance
in the selected regions. However, it is concluded
that the same statistical test does not give the best
results in different regions, it cannot be said that
this error analysis method gives the best results for
the region, as the results vary according to the year
and changes in wind speed;

The distinctive feature of this paper is that no
such comprehensive studies have ever been made for
SDM, so this detailed paper can contribute greatly
to wind energy-related scientific studies.
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