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Abstract - A new formulation is presented for the capacity factor based on annual wind energy generation and wind energy 
of the most probable wind. The new formulation is written in the form of the function of rated wind speed. With this new 
formulation, it is possible to determine the optimal rated wind speed for a certain wind turbine design and wind 
characteristics at a specific region. The power coefficient of Vestas-80 2.0 MW is used together with the Weibull probability 
density function of wind speed to derive the capacity factor. For the known cut-in and cut-out wind speeds, the capacity 
factor values are calculated at different wind characteristics. The calculated rated wind speed corresponding to the maximum 
values of the capacity factors are compared with the designed rated wind speed of 14 m/s ofVestas-80 2MW wind turbine. 
The wind turbine is recommended for suitable wind regions for maximizing the annual energy production.     
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I. INTRODUCTION 
 
Wind energy becomes a major contributor to the 
energy market and it experiences a continuous cost 
reduction [1-2]. Popular cost reduction techniques are 
to improve the wind power production of the wind 
turbine by increasing the wind turbines’ size and 
optimizing the blade shape, and to increase the wind 
farm efficiency. Thanks to the new technology, 
turbine’s size is exceeding 135 meters [3-4]. Despite 
significant technological improvements, it is not clear 
whether further up scaling beyond the existing 5–
8MW range is both technically feasible and 
economically attractive [5]. 
 
A number of studies have been carried out to 
optimize the wind turbine blade shape to maximize 
the annual energy production (AEP) of the turbine [6-
7].The Phase VI wind turbine blade was optimized 
using blade element momentum theory to produce 
maximum AEP at on-design and off-design 
conditions. Results showed an increase of 8.51% in 
the AEP value as compared with the original blade 
[8]. Shen et al. [9] optimized the wind turbine blade 
using lifting surface method with free wake. A multi-
objective optimization algorithm approach is 
employed to maximize the AEP and minimize the 
blade loads including thrust and blade flap-wise 
moment. Result showed that the optimization models 
can produce more efficient blades [9].Parametric 3D 
shape optimization was developed for the shape 
optimization of wind turbine blades. The genetic 
algorithm based optimizer, a computational fluid 
dynamics based simulator and a 3D geometric 
modeller were applied. Several case studies were 
presented with promising results towards the aspired 

custom-shaped wind turbine blades for optimum 
performance [10]. 
 
The objective of the present study is to study constant 
speed wind turbines with variable power coefficient. 
The Vestas-80 2.0 MW is considered as a case study 
here. This paper is arranged by giving the most recent 
reviews on some ways to improve the energy 
production of wind farms and wind turbines in 
section 1. Then, in section 2, a mathematical model 
for estimating the capacity factor is introduced 
usingtheVestas-80 2MW wind turbine and the 
Weibull distribution as an integral function of the 
rated wind speed. Results of the proposed modelling 
are presented in section 3 and a useful wind chart is 
generated for optimal use of the wind turbine at 
different wind characteristics. Finally in section 4, the 
conclusions are drawn. 
 
II. ENVIRONMENTAL WIND 
CHARACTERISTICS 
 
In order to assess the economic viability of the wind 
turbine and wind farms, it is crucial to estimate the 
expected power output before wind turbine 
installation in a specific wind farm. This can be done 
by analysing wind statistics measured over a period 
of time. Two parameters Weibull distribution 
function has been introduced as one of the best 
functions that can represent the real wind data. In this 
study, the probability of wind speed occurrence is 
determined by the Weibull distribution function [11]: 

푓(푉) = 푒푥푝 −                               
(1) 

Where k is the shape factor and c(m/s) is the scale 
factor. The dimensionless shape factor, k, is normally 
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determined by fittingthe  Weibull distribution 
function with the experimental data for over a period 
of one year. In the present work, the shape factor k 
and the annual mean wind speed 푉  are considered 
as known parameters and the scale factor c (m/s) is 
calculated as follows [11]: 

푐 =  

Γ
                              (2) 

where Γ  is the gamma function. 
 
Based on mean annual wind speed and land topology, 
different wind classes have been introduced. In the 
USA, seven wind classes were introduced from class 
1 as the lowest wind power class to class7 as the 
highest one.  
 
III. WIND TURBINE POWER PERFORMANCE 
 
The rated power (푃 ) and the rated wind speed 
(푉 ) are considered as primary design parameters 
in wind turbine blade design. Then, a power 
coefficient is defined as follows: 

퐶 =                                                                   

(3) 
Where P, 휌, Arotor, and V are the power (W), the air 
density (kg/m3), the rotor swept area (m2), and the 
wind speed (m/s), respectively.  
 
Based on the equation 4, the rotor diameter is 
calculated by assuming an expected maximum value 
for the rated power coefficient; i.e.퐴 =  

.Rated wind speed is defined as the wind speed at 
which the rated power (the maximum output power) 
of the turbine is reached [11]. 
 
In this study,the Vestas 80 2.0 MW wind turbine is 
considered as the case study. The specifications of 
this wind turbinecan be found in Table 1 [12]. 

 
Table 1:Vestas 80 2.0 MW wind turbine specification [12] 

Turbine name V80 -2.0 MW 
Rated power (MW) 2  

Cut in wind speed (m/s) 4 
Rated wind speed (m/s) 14 

Cut out wind speed (m/s) 25 
Rotor diameter (m) 80 

 
The power coefficient of the Vestas-80 2MW wind 
turbine is plotted versus the normalized wind speed, 
i.e. 푉 푉⁄ ,and it is fitted with the best fit 
function(see Fig. 1) to be represented by 
mathematical function defined by: 
 

퐶 = 푎푏 ⁄                                                                   
(4) 

where 푎 = 1.125077, 푏 = 0.234403,  and 푐 =
−2.92941.  

 
Figure 1:  The power coefficientcurve and the fit function for 

Vestas-80 2.0MW wind turbine 
 
 
IV. THE NEWLY DEFINED CAPACITY 
FACTOR 
 
The annual power production of a wind turbine in the 
form of capacity factor (CF) is introduced based on 
the rated wind speed, 푉 , as follows (see [13]): 
CF = ( )

. .
=

∫ 퐶 푓(푉)푑푉 +

퐶 ∫ 푓(푉)푑푉   
 (5) 
where 푃 (푀푊ℎ)  is the annual wind energy 
production, 휌  is the air density, 퐴 is the rotor 
swept area, 퐶  is the rated power coefficient, 푉 is 
the wind speed, and 푓(푉) is the Weibull distribution 
of wind speed. The annual wind energy is normalised 
with annual most probable wind energy using the 
most probable wind, i.e. the scale factor c (m/s) (see 
[13]). 
The cut-in and cut-out wind speeds are assumed 
constant to the values given in Table 3. Based on the 
Weibull parameters (k, c), the capacity factor is 
numerically calculated at different values of rated 
wind speeds. 
From equation (5), the capacity factor 퐶퐹(푉 ). is 
only a function of rated wind speed. The numerical 
calculations of the capacity factor are presented next. 
 
V. RESULTS AND DISCUSSIONS 
 
For different wind classes, the results of the capacity 
factor, given in equation (5)are presented. For the 
windclass 1, the wind power versus rated wind speed 
at different annual mean wind speeds and shape 
factors, k, are presented in Figure 2.As can be seen, 
the capacity factor converges to its maximum value at 
different rated wind speeds depending on the average 
wind speed and the values of shape factor, k.  
For the mean annual wind speed of 2 m/s and the 
shape factors of 
푘 = 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, and 3.6 , the CF 

0

0.1

0.2

0.3

0.4

0.5

0.6

0 0.2 0.4 0.6 0.8 1 1.2

Po
w

er
 co

ef
fic

ie
nt

Wind speed/Rated wind speed

Vestas-80 2MW
Modified Horel fit function



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-5, May-2018, http://iraj.in 

A New Capacity Factor Based on Rated Wind Speed for Optimal Selection of Wind Turbines 
 

66 

maximizes atrated wind speeds of 푉 =
11, 10, 9, 9, 9, 8, and 8 , respectively. Therefore, for 
the mean annual wind speed of 푉 = 2 푚/푠, the 
rated wind speed varies from 푉 = 4.0 ∗ 푉  to 
푉 = 5.5 ∗ 푉 . This suggests that if the Vestas-
80 2.0 MW wind turbine operates at such a low wind 
regions will underperform (i.e. the wind turboine 
rated speed is 14 m/s).  
For the mean annual wind speed of2.5 푚/푠 and the 
studied range of shape factors in Figure 2, the CF 
maximizes at rated wind speeds of 푉 =
13, 12, 10, 10, 9, 9 , and, respectively. The rated wind 
speed varies from 푉 = 3.6 ∗ 푉 to 푉 =
5.2 ∗ 푉 . The wind turbine will still underperform 
in this wind region.  
The calculated capacity factors are maximized for the 
mean annual wind speed of 3.0 m/s and the studied 
shape factors (see Fig. 2) 
at 푉 = 14, 13, 11, 10, 10, 9, and 9 , 
respectively.For this case,the rated wind speed varies 
from 푉 = 3.0 ∗ 푉  to 푉 = 4.7 ∗
푉 .1.6The wind turbine is suitable at the lowest 
shape factor. 
For the mean annual wind speed of 3.5 m/s and the 
studied range of shape factors in Figure 2, the rated 
wind speeds are 

푉 = 16, 14, 12, 11, 11, 10, and 10 , respectively, 
and the rated wind speed varies from 푉 = 2.86 ∗
푉  to 푉 = 4.6 ∗ 푉 . The designed rated 
wind speed of Vestas-80 2.0 MWis merely optimal 
for 푘 = 1.6at푉 = 3.5 푚/푠.  

For the mean annual wind speed of 4.0 푚/푠 and 
discussedshape factors in Figure 2, the rated wind 
speeds are 푉 = 18, 16, 14, 12, 11, 11, and 11 , 
respectively, and the rated wind speed varies from 
푉 = 2.75 ∗ 푉  to 푉 = 4.5 ∗ 푉 . The 
designed rated wind speed of Vestas-80 2.0 MWis 
optimal for 푘 = 2.0at 푉 = 4.0 푚/푠.  
In overal for the class 1 wind regime, the optimal 
rated wind speed should be within the range of 9 푚/푠 
to 12 푚/푠 for the specific design of Vestas-80 2.0 
MW. For the generic power coefficient of Vestas-80 
2.0 MW, given in Figure 1, the rated power of wind 
turbine will be optimal if the rated power is selected 
as 푃 = 푉 푉⁄ × 푃 = 530 푘푊 for the rated 
speed of 9 푚/푠 and 1260 푘푊 for the rated speed of 
12 푚/푠  (using the same rotor swept area of the 
2000 푘푊 wind turbine). This suggests that the 
Vestas-80 2.0 MW wind turbine is not economically 
efficient for most of the class 1 wind regimes.  

Figure 2: The capacity factor versus rated wind speed for class 1 wind speeds at different wind shape factors, k. 
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The results of the capacity factor versus rated wind 
speed and the Weibull distributions for wind class 2 
and 3 at different shape factors, kare shown in 
Figure3.For the mean annual wind speed of 4.5 m/s 
and the shape factors of 
푘 = 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, and 3.6, the calculated 
rated wind speeds are 
푉 = 18, 16, 14, 12, 11, 11, and 11, respectively.  
 
This suggeststhe range of rated wind speed from 
푉 = 2.4 ∗ 푉  to 푉 = 4.0 ∗ 푉 .It is 
observed thatVestas-80 2.0 MW wind turbine fit 
better with thiswind regime.  
For the mean annual wind speed of 5 푚/푠 and the 
studied range of shape factors in Figure 3, the rated 
wind speeds are 푉 =
22, 20, 16, 15, 14, 13, and 12 , respectively. 
Therefore, the Vestas-80 2.0 MW wind turbine is 
suitablefor higher k values. The rated wind speed 
varies from 푉 = 2.4 ∗ 푉  to 푉 = 4.4 ∗
푉 .  

In Fig. 3, for the mean annual wind speed of 5.5 m/s 
and different shape factors, the rated wind speeds are 
푉 = 24, 21, 18, 16, 15, 14, and 14 , respectively, 
and the rated wind speed varies from 푉 = 2.55 ∗
푉  to 푉 = 4.3 ∗ 푉 . The designed rated 
wind speed of Vestas-80 2MWis only optimal for 
푘 = 3.2 and 푘 = 3.6 at 푉 = 5.5 푚/푠.   
 
In overal, for the wind class of 2 and 3, the optimal 
rated wind speed should be within the range of 
14 푚/푠to 16 푚/푠 for the specific design of Vestas-
80 2.0 MW. For the power coefficient profile of 
Vestas-80 2.0 MW, the rated power of this turbine 
will be optimal if the rated power is selected as 
2000 푘푊  for the rated speed of 14 푚/푠 and 
3000 푘푊 for the rated speed of 16 푚/푠  using the 
same rotor swept area. The results suggest that the 
same Vestas-80 2.0 MW wind turbine with a new 
generator of 3000 푘푊is an economically viable for 
the most of class 2 and 3 wind regimes.   

 
Figure 3: The capacity factor versus rated wind speed for class 2 and 3 wind speeds at different wind shape factors k 
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. 

Figure 4: The capacity factor versus rated wind speed for class 4, 5 and 6 wind speeds at different wind shape factors k. 
 
The results of the capacity factor versus rated wind 
speed and the Weibull distributions for wind class 4, 
5 and 6 at different shape factors, karepresented in 
Figure4.For the mean annual wind speed of 6.0 m/s 
and the shape factors of 
푘 = 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, and 3.6 , the optimal 
rated wind speeds are 
푉 = 24, 21, 18, 16, 15, 14, and 14 , respectively. 
The results suggestthe range of rated wind speed from 
푉 = 2.5 ∗ 푉  to 푉 = 4.2 ∗ 푉 . This 
showsthatdesigned Vestas-80 2.0 MW wind turbine 
(with rated wind speed of 14 푚/푠 )operates at its 
maximum capacity only at 푘 = 3.2  and 푘 = 3.6  at 
푉 = 6.0 푚/푠.  

In Fig. 4, the rated wind speeds are found as 
푉 = 25, 25, 21, 19, 17, 16, and 16 for the mean 
annual wind speed of 6.5 푚/푠 and various shape 
factors. The range of optimal rated wind speed 
changes from 푉 = 2.5 ∗ 푉  to 푉 = 3.85 ∗
푉 . 
For the mean annual wind speed of 7 푚/푠 , the 
optimal rated wind speeds 
are 푉 = 25, 25, 21, 19, 17, 16 and 16 , 
respectively, and the optimal rated wind speed values 
varies from 푉 = 2. .3 ∗ 푉  to 푉 = 3.6 ∗
푉 . 

 
 
The results show thatthe recommended rated wind 
speeds for Vestas-80 2.0 MW wind turbine operating 
at class 4, 5 and 6 wind regimes are within the range 
of 15 푚/푠 to 20 푚/푠. It means that the rated power 
of this wind turbine would be optimal if it operates at 
the rated speed of 15 푚/푠 to produce 
2500 푘푊power, and at the rated speed of 20 푚/푠to 
produce 4750 푘푊 power using the same rotor swept 
area. This requires new generators of 2500 푘푊  to 
44750 푘푊 to achieve highest efficiency for the wind 
classes4, 5, and 6.  
 
CONCLUSIONS 
 
A new capacity factor is introduced for optimal 
selection of wind turbine for a specific wind site. For 
this purpose, the capacity factoris defined based on 
the annual energy production and the most probable 
wind speed as functionof the rated wind speed.The 
power curve of the Vestas-80 2.0 MW turbine and the 
Weibull distributionfunction are used. Using a fit 
function for power coefficient versus wind speeds, it 
is found that the capacity factor is only a function of 
the rated wind speed, i.e. 퐶퐹(푉 ). The results of 
present study revealed that: 
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 In the class 1 wind regime, the designed 
rated wind speed (i.e. 14 푚/푠 ) is not 
suitable and the optimal rated wind speed 
should be within the range of 8 푚/푠  to 
12 푚/푠.  

 For the class 2 and 3 wind regimes, the 
optimal rated wind speed should be within 
the range of 14 푚/푠  to 16 푚/푠  for the 
specific design of Vestas-80 2.0 MW and for 
theoptimal rated wind speed 16 푚/푠 , 
a3000 푘푊generator should be utilized.  

 The optimal rated wind speeds for the class 
4, 5 and 6 wind regimes are found within the 
range of 15 푚/푠 to 20 푚/푠 and for the same 
rotor size, high capacity generators within 
range of 2500 푘푊 to 4750 푘푊 would 
produce much more energy.  

This study suggeststhat there are opportunities to 
further improve the performance of present largewind 
turbines to achieve maximum capacity and maximum 
AEP within any specific wind region. 
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