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ABSTRACT

Weibull distribution goes particularly well with wind speed data and is necessary to assess wind energy harnessing
potential at a site. For the best estimation of the statistical distribution parameters at Chandpur (23.21116° N;
90.64237° E), located at the southern part of Bangladesh, six models: graphical method, method of moments, power
density method, Justus method, Lysen method and maximum likelihood method have been analyzed for 18.8 m, 40.2
m and 59.9 m above ground level (AGL) using measured wind speed data for 2014-2017. Out of the six models,
Justus method has showed the best result for estimation of Weibull parameters at all heights AGL with average
RMSE of 0.0082 and R of 0.9650. Further more to evaluate the wind energy potential at modern wind turbine hub
height of 100 m, firstly the wind shear exponent at the site (the average value is 0.37 considering the 10 m elevation of
the site above sea level) is estimated from the wind data of 3 heights; secondly average wind speed (4.88 m/s), wind
power density (108.8 Wm), Weibull distribution parameters (shape factor 2.29 and scale factor 5.33 m/s) and wind
turbine power curve related wind speeds (cut in 2.28 m/s, rated 9.33 m/s and cut out 21.03 m/s)have been
extrapolated at the hub height. The average wind speed and wind power density values show that the class of the site
is 1 in the worldwide accepted wind power classification, based on long term practical wind farm installation
experiences; the low cut in speed (<3 m/s) shows that suitable wind turbines for the site are commercially unavailable
for the site and turbines with 3 m/s cut in speed have average annual capacity factor of 16.62 %, less than the
commercially viable capacity factor >25 %. The wind power class (< class 3) and capacity factor (<25 %) strictly
reveals that Chandpur is not suitable for wind energy exploration in near future until a high technical improvement
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of wind turbines and reduction of relevant costs.
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1. Introduction

For social development and economic growth, one needs
energy. Percentage of wind energy has been growing
rapidly due the limitations of fossil fuels, especially the
environment pollution and fuel cost.

Wind speed varies over space and time. Therefore, the
knowledge of wind characteristics are essential for wind
energy engineers to do micro siting and for wind turbine
manufacturers to design their wind turbines for optimal
performance [1]. Belu and Koracin [2] have estimated the
wind potential in western Nevada and heir results have
shown that the maximum seasonal wind speeds occur
during the spring, a minimum during the late morning and a
maximum during the late afternoon. Gokcek and Genc [3]
have investigated the wind energy generation potential and
cost in Central Anatolian-Turkey using time-series
approach and the economic evaluation of various wind
energy conversion systems (WECSs). Mostafaeipour [4]
has statistically analyzed the wind speed of some major
cities in Yazd province of Iran utilizing wind data of almost
13 years from 11 stations. He extrapolated wind data at
different heights using Power law and for optimal selection
of wind turbines he designed the wind turbine parameters
based on wind data characteristics. The study found that
most of the stations in Yazd have an annual average wind
speed lower than 4.5 m/s which is considered as too low for
a wind turbines installation. Diaf and Noton [5] have
investigated the wind energy potential and economic

analysis in 13 locations in Algeria. They examined
technical and economic evaluations of electricity generation
from different commercial wind turbines and the wind
resource appears to be suitable for power production in the
southern region of Algeria.

The frequency of wind speeds represents the percentage of
occurance for each speed interval, whereas the statistical
distribution of the wind speeds presents the wind speed data
as a continuous function, important for more accurate wind
potential analysis. There are different distribution
functions[6, 7], as Weibull, Rayleigh, Johnson, Pearson,
and Chi square distribution. Among these methods, the two
parameter Weibull distribution function, a special case of
gamma distribution [5], is versatile, qualified and accurate
for determination of wind characteristics. When fitting the
wind data in Weibull distribution, various methods have
been studied to calculate the unknown parameters of the
distribution [4]. Aynur and Figen [8] have worked with
wind data insome locations of the coastal regions of
Turkey. The mean annual value of Weibull shape parameter
k is betweenl.54 and1.86 while the annual value of scale
parameter c is between 2.52 m/s and 8.34 m/s.

To analyze the wind energy potential at a site one needs to
find out the efficient method that gives the best fitting for
wind speed data for the site, as wind speed has a cubic
relation with wind power and estimated power may have a
significant error even a small variation in wind speed
distribution characteristics. In this study, six different
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methods for estimation of Weibull distribution parameters
have been evaluated by two statistical error tools. Along
with selection of a best method of Weibull parameters
estimation, the wind shear exponent and at a desired hub
height of 100 m, the Weibull parameters, wind power
density, most probable wind speed, wind speed with
maximum energy, three operating wind speeds of a wind
turbine have been estimated and evaluated to find out the
wind energy harnessing potential at Chandpur (23.21116"
N, 90.64237° E), which is located in the southern part of
Bangladesh.

2. Materials and Methods
Wind speed probability distribution

In probability theory and statistics, the Weibull distribution
is a continuous probability distribution [9]. It probability
density function (PDF) has three parameters: shape
parameter, location parameter and scale parameter. But in
wind energy applications the two parameter Weibull PDF is
mostly used and expressed by [10,11]:

f(v) = (lg) (%)k_l e_(%)k (D)
Where,

v> 0 is the wind speed in m/s

k> 0 is a dimensionless factor and known as shape
parameter

¢> 0 in m/s and known as scale parameter

k and c indicate how peak the wind speed distribution and
how ‘windy’ a location under consideration respectively
[12]. For most of the cases value of k and ¢ vary from 1.5
to 3 and from 3 to 8 m/s respectively [13]. Most of the wind
turbine manufacturers produce their turbines considering
the value of k = 2 as default of the Rayleigh distribution
and hence turbines fail to give optimal performance in the
real world.

In this distribution, the cumulative distribution function,
CDF, F(v) represents the probability of the speed vm/s to
be lower than a certain value v, m/s and given by the
following equation.

Fo<vy) =1-e () )

Mostly used six numerical methods for Weibull distribution
parameter estimation are described below.
Graphical method (GM)

This method takes a double logarithmic transformation of
CDF, expressed in Eq. (2)
~(%)*
In[1—-F(w < vy)] =In[e \c/ ]

or, In[—In{1 — F(v < vp)}] 3)
= kln(vo) - kll’l(C)

Equation (3) has a straight-line form of
y=mx-+a (4)
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Where,
y =In[—In{1 - F(v < vy)}]

m=k
x = In(vy)
a = —kln(c)

Thus the Weibull distribution parameter, k can be found
from the slope of the straight line and other parameter, ¢
can be found from the slope and y intercept as follows.

a —kin(c)
m k
Or, c=e m (5)

To find the values of m and ain the linear regression
equation following statistical formulas can be used for n
pairs of (x,y) values [14].
i nyixy —YixXiy
nyix?— (X1 x)?
1y Xix? = Xix¥ixy

nyix? — (X1 x)?
This method is also known as least square regression
method as it uses the concept of least squares [14, 15].

Method of moments (MM)

(6)

From the raw data the mean, ¥ and standard deviation, o of
the measured wind speed can be derived using the

following two equations.
n iV (7)

(8)

v

Here, v; is the wind speed measured at the time interval i
and n is the number of data.

Utilizing the Weibull parameters the mean and standard
deviation can be calculated as follows [16].

17=c1’<1+%) 9
a:cjr<1+%>—rz(1+%) (10)

Where, I' is the gamma function.This function is defined
for a variable, x > 0 in improper integral form, known
as Euler's integral of the second kind.

I'(x) = J-ooxx'le'tdt (11)
0
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Where, t is just a variable of integration. Any definite
integral that has one or more infinite limits of integration,
or an integrand that approaches infinity within its limits of
integration is known as an improper integral.

The coefficient of variation (COV) demonstrates the
mutability of wind speed [17, 18] and can be represented

as:.
r (1 + %)

1
2 —
2(1+7)

-1 (12)

Taking square of Eq. (12), one gets the following equation.

(0)2 r(1+32)
7
2 =
r2(1+ k)
If the mean and standard deviation of the wind speed are
known from Egs. (7) and (8), then using Egs. (13) and (9)
one can find the value of shape parameter, k [19] and scale
parameter, c.

-1 (13)

Empirical method of Justus

One needs deep mathematical knowledge to find out the
value of shape factor, k from Eq. (13). However, Justus [15]
determined an acceptable approximation for k as Eq. (14).

k= (g)—l.OSG (14)

v
Where, 1 < k < 10.

Justus [20] examined that k appears to be proportional to
the square root of the mean wind speed.

k=dVv (15)

In this study, Eq. (14) has been used to find the value of k
for empirical method of Justus the. For other Weibull
distribution parameter, ¢, Eq. (9) has been solved.

Empirical method of Lysen

Lysen [21] estimated k using similar procedues of Justus
given by Eq. (14). However He estimated the scale
parameter, ¢ follows.

0.433) (16)

c= 17(0.568 +T

Power density method (PDM)
It is based on an energy pattern factor [22], Ey, a ratio of
mean of cubic wind speed to cube of mean wind speed.
Thus the PDM method is also known as energy pattern
factor method.

v3

= 17
@)? 4

Epr

Where,

v3 is the mean of the cube of the wind speeds

(9)? is the cube of mean the wind speeds
After calculating the E,r byEq. (17), the Weibull
parameters can be found from Egs. (18) and (9).

3.69
k=1+—17 (18)
pf

Maximum likelihood method (MLM)

In statistics, MLM is generally used by maximizing a
likelihood function [23]. If xq, x,, X3, ........ , X, be a
random sample of size » drawn from a population with
probability density function f(x;,A), where A = (k,c) is
an unknown vector of parameters, then the likelihood
function is [24]:

L=flo) =] [rewd

i=1

The maximum likelihood of A = (k, ¢), which maximizes L
when

dinL .
oL

Likelihood of Weibull probability density function for n
random samples of wind is given as [25, 26].

L(vy, ke, c) = ﬁ {(IE‘) (%)k_l e-(%)k} (19)

=1

On taking the logarithms of both sides of Eq. (19), one
obtains the log-likelihood function:

In(L) = nin(k) — nkin(c) + (k — 1)

>

The maximum of the likelihood function can be estimated
by differentiating Eq. (20) and equating to zero.

Y T D Nt

i=1

Z In(v;)
=1 (20)

alnl
% 0 (g)+

2

> (%)
> ()

l

(22)

From Egs. (21) and (22) one can get the equations of
Weibull parameters k and c.

n %
C:EZ@ml (23)
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(IR () IR )\
k ‘( N ) (24)

Equation (24) is difficult to solve as it does not have a
closed form of solution [27]. To solve this equation
numerical iteration like Newton-Raphson method can be
used to get approximate real roots (up to any degree of
precision). When the value of k is obtained we can easily
find the value of ¢ from Eq. (23).

Wind speed and distribution parameters at desired height

In most cases the wind speed sensor are set at 10 m as per
the  recommendations of World Meteorological
Organization (WMO). Current wind energy harvesting
systems, e.g. wind turbines have hub heights at around
100 m, where measured data are not generally available.

The atmospheric boundary layer affects the wind and its
distribution pattern varies with increase of height from the
ground [28]. Thus, to predict wind speed Weibull
distribution parameters at the desired hub height of a wind
turbine, one needs to follow a consistent relationship.

Wind speed value at desired height

To predict the wind speed at the desired hub height of wind
turbines researchers have developed different relationships
[29, 30, 31]. Hellman [32] suggested the power law
equation, Eq. (25), which is simple but yet useful in
modelling the vertical wind profile [19].

v (Z—Z)a (25)

vy Z;
Where
v; is the measured wind speed at reference height z; meter
v, is the predicted wind speed at desired height z, meter

a is the wind friction/Hellman exponent/power law
exponent/wind shear exponent

The exponent, « is highly site specific as it changes with the
wind speed at reference height [33], atmospheric stability
[34] and the surface roughness [35]. Moreover, its value
changes with time of the year from less than 1/7 during the
day to more than 1/2 at night [36] and many measurements
around the world shows the average value of a to be about
1/7[20]. In principle, this value is only appropriate for a
smooth terrain, i.e. a typical rural terrainwith surface
roughness ~ 1 cm and up to the first 200 m from the sea level
during near-neutral (adiabatic) conditions [35, 36].

Wind speed distribution at desired height

If the Weibull shape parameter, k; and scale parameter, c;
are known at any reference height z;, then the values of
Weibull shape parameter k, and scale parameter c, at other
height z, can be estimated utilizing the following equations
[19].
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k, 1-00881in(7%)

10
— = (26)
ki 1-0.0881in (73)
2 z_2>"
Where, z;, z, are in meters and

0.37 — 0.0881In ¢,
n= 28

1-0.0881in (75) (28)

Wind power assessment

Wind turbine utilizes the kinetic energy of wind and
transforms it to other usable energy forms, depending on
the end uses. If wind speed statistical distribution
parameters are known then one can evaluate a site for wind
energy applications in the following ways.

Wind power density (WPD)

One strong tool to evaluate a site for wind energy potential
is WPD (Wm™?2), which istheamountofenergy available per
unit time inaunitareaofwind turbines. There areseveral
approaches to estimate the WPD [37, 38]. The average
kinetic energy of n number of air streamsin a month or a
year at speed v; with frequency of occurrence f; in different
intervals, per unit time that is power, per unit area, available
for the turbine is

1 O,
WPD =ﬂpzlvifi
i=

1 3
=—pv 29
anv (29)

Where,

pis theaverage airdensity for a specific period. Most of the
researchers have considered a standard value of air density,
which is 1.225kgm™3 at standard testing conditions
atmean sea level with a mean temperature of 15° C and
pressure of latm [39].

If the wind speeds have a probability density function f(v),
more accurate WPD can be estimated from Eq. (30).

1 (o)

WPD = Epj v3f(v)dv (30)
0

From Weibull distribution parameters WPD can be

estimated by Eq. (31) [40].

1 3
WPD = EpC3F(1 + E) (31)

Most probable wind speed and Wind speed with maximum
energy

In the wind distribution the two wind speeds differ from the
wind speed with highest frequency and the highest wind
speed respectively as in the raw data, because wind speed
raw data forms a non-continuous distribution, whereas
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Weibull probability density function forms a continuous
wind speed distribution and a highest wind speed would
carry a low amount of energy if it has a low frequency.

If the Weibull parameters are known, the values of the most
probable wind speed, vp,, and wind speed with maximum
energy, Vmq, can be determined by using the following
expressions [16]:

Ump = C (1 — %) (32)
Umar = ¢ (1+7) (33)

Operating speeds of wind turbine

A wind turbine is generally described by its power curve
with three characteristic wind speeds, e.g., cut in, rated and
cut out wind speeds. The rated wind speed should be close
to the wind speed with maximum energy, ;4. as turbines
perform efficiently at this speed. Three important wind
turbine operating speeds can be determined using Eq. (34)
[41]

Vpmax < Vp < (210 4) Vpax
(1.5t03)vpy < v < v (34)
0.3 Uy < Ve <080y,
Where

vg is the furling velocity (m/s) in which the system will
shut off

vy is the velocity (m/s) in which the turbine will be running
at its full rating

ve is the cut-in velocity (m/s) when the turbine starts to
rotate

Annual capacity factor of wind turbines

One can predict the electrical power output of a wind
turbine utilizing its power curve and relevant characteristic
wind speeds, while the performance of a wind turbine can
be estimated from the annual capacity factor, which is a
unitless ratio of an actual electrical energy output over a
given period to the maximum possible electrical energy
output over that period. At an expected wind farm site
researchers recommend a wind turbine when it has an
annual capacity factor greater than 0.25, where the value
greater than 0.40 indicates a strong potential of the turbine
[29, 42].

A wind energy conversion system can operate at its
maximum capacity factor when it is designed following the
expected cut in, rated and cut out wind speeds at a site and
hub height. In reality wind turbine installers use
commercially available wind turbines as customization of
the technologies is not always cost effective. Hence wind

farm investors estimate the capacity factors (CFs) of
available wind turbines using the Weibull distribution
parameters at a hub height and wind turbine specified cut
in, rated and cut out wind speeds as Eq. (35) [43].

e~ Wc/OF _ o=wr/0)k

T /O — (W /o)

CF — e~ Wr/O) (35)

Statistical error analysis

There are a good number of tools to find out the statistical
errors. Two statistical tests, the coefficient of determination
(R?) and the root mean square error (RMSE) are generally
used by many of the researchers to provide a measure of
how well observed outcomes are replicated by a model and
can be derived using the linear regression analysis methods
[44] as in Egs. (36) and (37).

Z?]:l(yi - x;)?
Ri=1-=0r 2 36
?]=1(3’i -y)? (36)
1
1 N 2
_ _ 37
N W I

Where

y; is the i™ actual data

y is the mean of the actual data
x; is the i™ predicted data

N is the number of observations

Values of R? varies from 0 to 1 and its ideal value is equal
to 1. The RMSE varies from 0 to infinity and its ideal value
is 0. Hence to select a model to predict Weibull distribution
parameters, highest value of R* and the lowest value of
RMSE are generally considered.

3. Results and Discussions
Data collection and Validation

The Ministry of Power Energy and Mineral Resources,
Bangladesh measured wind data at nine sites in Bangladesh
for 2014-2017, through ‘Technical Assistance project for
wind resources mapping’, implemented by the US
Department of Energy’s National Renewable Energy
Laboratory (NREL) in cooperation with USAID
Bangladesh [45]. At Chandpur, wind data and direction data
were collected by NRG Class-1-three cup anemometer and
NRG# 200P wind vanes of USA at heights 18.8 m, 40.2 m
and 59.9 ma bove ground level (AGL), where the site was
10 meter elevated from the sea level. The collection
intervals were 10 minutes and data recovery rate was
80.07%. The position of the station and meteorological
tower are shown in the following Fig. 1.
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Fig. 1. Meteorological tower and Position of measurement site in Bangladesh map

For data quality assessment, validation routines [46] have
been applied. The measured data were compared to
allowable upper and lower limiting values at a site. As the
anemometers were first calibrated in the lab and there was
no offset the range tests were done for 0 to 25 m/s. In
general system check there were equal number of data
fields as per the data parameters. There was no negative or
unreadable values have been seen in the data. The highest
values at 18.8 m, 40.2 m and 59.9 m AGL were 23.17 m/s,
22.53 m/s and 21.12 m/s respectively. To check the
relational and trend tests among the data at the wind sensor
heights diurnal and monthly averaged wind speeds have
been compared in graphs (Figs. 2 and 3).
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Fig. 2. Diurnal variation of wind speed

The results of the hourly mean wind speed, averaged over
the entire duration of measurements, are shown in Fig. 2.
From the figure, it can be seen that during the day wind
speed normally starts increasing at 9 am and reaches the
peak at around 4 pm then it starts to decrease and stabilizes
at around 7 pm. It again reaches to the peak for 9 to 11 pm.
This indicates that the site is windier more during the night
compared to day.
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Fig. 3. Monthly variation of wind speed

The monthly averaged wind speeds are shown in Fig. 3. It
is found that average wind speed is highest in the month of
April. Here for the entire year, yearly averaged hourly
values for 18.8 m, 40.2 m and 59.9 m AGL are 3.00 m/s,
3.69 m/s and 4.14 m/s respectively. Whereas for summer
(March to September) and winter (October to February) the
seasonal averaged hourly values for 18.8 m, 40.2 m, 59.9 m
AGL are 3.46 m/s, 4.27 m/s, 4.83 m/s and 2.35 m/s, 2.88
m/s, 3.25 m/s respectively. From the results, it is observed
that summer months are mostly windier at Chandpur.

Wind speed probability distribution

The 10-minute data sets were converted to hourly data and
the hourly data were sorted in bins of 0.5 m/s for further
analyses. From the binned data, the mean, variance and
Weibull distribution parameters have been calculated
according to the methods in Section 2.1 and considering bin
interval of 0.5 m/s. The predicted Weibull distribution
function (one at 59.9 m) in shown in Fig. 4 and the
parameters are presented in Table 1 for all heights.
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Fig. 4. Weibull distribution on measured probability distribution at 59.9 m AGL

Table 1: Weibull parameters in different methods

Sensor height Weibull GM Justus Lysen PDM MM MLE
AGL parameters

a8 m K 1.85 1.94 1.94 1.85 1.92 1.92

¢ (m/s) 3.54 333 233 3.32 3.33 333

02 K 1.96 2.08 2.08 2.02 2.06 2.04

¢ (m/s) 423 4.10 4.10 4.10 4.10 4.0

0om K 2.06 217 2.17 2.12 2.15 2.12

¢ (m/s) 474 4.62 3.14 462 4.62 4.62

The errors in estimating the Weibull parameters in different
methods are summarized in Table 2. From Fig. 4 and Table
1, it is seen that empirical method of Justus has the highest
correlation with the raw data and least estimation error for
all heights. The second one and third one choice of Weibull
parameter estimation would be MM and MLE respectively.

Considering the 10 m elevation of site and Eq. (25) the
estimated wind shear exponent (WSE) is 0.37 for
Chandpur. Utilizing the WSE the yearly averaged hourly
wind speeds have been calculated for other heights (Table
3). From the table it is seen that the estimation of Weibull
parameters using Eq. (31) is on an average 1.7% only based
on the estimated WPD values.

Table 2: Errors in calculation of Weibull parameters in different method

Sensor AGL Error GM Justus Lysen PDM MM MLE
18.8 m R’ 0.9220 0.9456 0.7482 0.9325 0.9426 0.9427
) RMSE 0.0148 0.0118 0.0290 0.0133 0.0122 0.0122
402 m R’ 0.9428 0.9625 0.6806 0.9543 0.9601 0.9572
RMSE 0.0108 0.0083 0.0291 0.0093 0.0086 0.0090
59.9m R’ 0.9757 0.9867 0.6603 0.9829 0.9853 0.9836
RMSE 0.0065 0.0045 0.0281 0.0052 0.0048 0.0051
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Table 3: Estimated wind speeds and Weibull parameters and WPD at different heights

Sensor Average wind and Extrapolated WPD  from | WPD from | Relative
. . Raw data and
height Weibull Tustus values Justus k, ¢ extrapolated k, ¢ percentage
AGL parameters (W/m?) (W/m?) error
v (m/s) 3.00
188m |k 1.94
¢ (m/s) 3.33 30.96
v (m/s) 3.69
402m |k 2.08 2.09 o
o () 110 a1l 53.75 54.26 0.94%
v (m/s) 4.14
599m |k 2.17 2.17 o
o () 162 153 74.18 72.34 2.48%
v (m/s) 3.89
50 m k 2.13
¢ (m/s) 4.36 6322
v (m/s) 4.88
100 m k 2.29
¢ (m/s) 5.33 108.8

Characteristic wind speeds of the site and wind turbine
power curve speeds

These wind speeds have been estimated from Egs. (32) to
(34) and summarized in Table 4. In calculation of wind
turbine related speeds as in Eq. (34), the average values of
ranges have been considered.

Table 4: Most probable wind speed, speed with maximum energy
and Wind tubine related speeds

Velocities (m/s) [18.8 m [40.2m [59.9m |50 m 100 m
Vi 2.29 3.00 3.47 3.24 4.15

V nax 4.79 5.66 6.24 5.94 7.01
Ve 1.26 1.65 1.91 1.78 2.28
Vr 5.16 6.74 7.81 7.28 9.33
Vi 14.37 1698 |18.73 |17.83 |21.03
Wind energy potential

As part of the US Department of Energy’s Federal Wind
Energy Program, the Battelle—Pacific Northwest Labs
(PNL) developed a wind power classification scheme as in
Table 5 [47]. The report indicates that the class 4 or greater
are generally suitable for most the wind turbine

Table 5: Classes of wind power density (Battelle PNL)

applications; Class 3 are as may be suitable for future (in
year 2000 and beyond) generation technology with tall
towers; Class 2 areas are marginal and Class 1 areas are
not suitable for wind energy development [48, 49].

The cut-in wind speed of a wind tubine is related to the
amount of the initial torque of the turbine rotor shaft, which
is required to overcome to produce an output. Table 4
shows that the required cut-in speeds for different heights is
below 3.0 m/s, which is commercially absent in the market
[50]. Moreover from Table 3 average wind speed and
WPD values are found 3.89 m/sand 63.22 W/m’
respectively. Even from Table 3 the wind speed and WPD
values at 100 m height are less than the Class 1 criterion at
50 m height.

For annual capacity assessment 5 wind turbines with low
cut in speeds and hub height of 100 m (more height is not
considered here as the site is a cyclone prone area) have
been considered. The wind turbine specifications and their
corresponding capacity factors (from Eq. (35)) are shown in
Table 6.

Power density and wind speed at Power density and wind speed at Power density and wind
. 10 m 30 m speed at 50 m

Power class | Potential ; Power Power

Power (W/m”) Speed (m/s) (W/m?) Speed (m/s) (W/m?) Speed (m/s)
Class-1 Poor <100 <4.4 <160 <5.1 <200 <5.6
Class-2 Marginal <150 <5.1 <240 <6.0 <300 <6.0
Class-3 Moderate <200 <5.6 <320 <6.5 <400 <7.0
Class-4 Good <250 <6.0 <400 <7.0 <500 <7.5
Class-5 Very good <300 <6.4 <480 <7.5 <600 <8.0
Class-6 Excellent <400 <7.0 <640 <8.2 <800 <8.8
Class-7 Excellent <1000 <94 <1600 <11.0 <2000 <11.9
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Table 6: Wind turbine specifications and Annual capacity factors
Wind turbine Rated power Cut in wind Rated wind Cut out wind Rotor diameter Capacity
(MW) speed (m/s) speed (m/s) speed (m/s) (m) factor (%)
V150-4.2 MW 4.2 3 12 24.5 150 124
S 130-2.7 MW 2.7 3 12 20 130 124
S 120-2.3 MW 2.33 3 11 20 120 15.2
S$120-2.1 MW 2.1 3 9.5 26.1 120 21.3
GW165-4.0 MW 4 2.5 9.7 26 165 21.8
From Table 6, it is seen that there is no wind turbine which 4. Ali Mostafacipour, "Feasibility study of harnessing wind

has capacity factor more than 25% or can be recommended
for wind energy production at the site [28].

4. Conclusions

Wind speed data has wide ranges as it varies over space and
time. Chandpur is windier in summer (March to September)
seasons and in evening (9 toll pm)of days. Empirical
method of Justus has shown the best performance in
estimation of Weibull statistical distribution parameters
with RMSE 0.0082 and R’of 0.9650. The wind shear
exponent is 0.37 and at 100 m AGL the extrapolated
average wind speed is 4.88 m/s, WPD is 108.8 W/m” and
the designed cut in, rated and cut out wind speeds for wind
turbines are 2.28 m/s, 9.33 m/s and 21.03 m/s respectively.
The wind speed data and WPD reveal that the site is class 1
in the internationally accepted wind power classification (1
to 7) which was developed based on long period
experiences on wind farm installations at different regions
of the world. Moreover, to harness wind energy from low
wind speeds (average wind speed <5 m/s) the rotor
diameter and hub height needs to be increased, but as these
add additional advanced engineering, space and project
costs and thus wind turbines for this kind of site with low
wind speed and cut in speed (<3 m/s) are not commercially
available in the market. Available wind turbines with low
cut in speed (=3 m/s) gives annual average capacity factor
16.62 % only, which is <25%, where it should be >25 % to
become feasible for wind energy harnessing projects. From
these findings-commercial unavailability of wind turbines
with cut in speed less than 3 m/s, the site has wind power
class 1 and annual average capacity factor <25% for
available wind turbines with cut in speed equal to 3 m/s, the
conclusion can be taken that Chandpur has a poor wind
energy potential and unsatisfactory for wind energy
development in the near future.
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