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Investigation on Selecting Optimal Wind Turbines
in the Capacity Factor Point of View
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Abstract

Selecting optimal wind turbine generators for wind farm sites in the capacity factor point of view is performed
in this study. A program to determine the best wind turbine generator for the maximum capacity factor for a site
was developed. The program uses both the wind characteristics of the site of interest and the power curves of
the wind turbines. The program developed was applied to find out optimal wind turbine generators of three
different sites in complex terrain and successfully yielded the best site dependent wind turbine generators. It was
also used to determine the best wind turbine generator of the wind farm currently operating in Korea and proved
its usefulness. The program and methodology developed in this study considered to be very useful at the initial
design stage of the wind farm to determine the best wind turbine generators for the site of interest.
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1. Introduction

Since modern wind turbines came out,
the wind turbine generators and wind farms
have become larger and larger and so has
been the budget for their construction.
Because building a wind farm requires
great amount of budget, interests on the
efficiencies of the wind farm and how to
maximize them have become very important
issue in wind industry [1]. In order to achieve
a high efficiency from a wind farm, one
very important thing is to install wind turbine
generators that are optimal for the particular
site and wind characteristics [2,3].

To select optimal wind turbine generators
for a wind farm, economic evaluation should
be considered. Accurate economic evaluation
requires comprehensive investigations on
all the expenditures for construction and
maintenance of a wind farm during the
lifetime of wind turbine generators. Therefore,
it is very difficult to have an accurate
economic evaluation at the initial design
stage of a wind farm. Also another thing
to make the accurate economic evaluation
difficult is that it depends on the time
when the evaluation is made because the
expenditure for construction and maintenance
of a wind farm largely varies with time.
Therefore for a rough estimation of proper
wind turbines for a particular wind farm
site at the initial design stage, the efficiency
of the wind farm known as a Capacity
Factor (CF) may be an alternative to be
used as a criterion [4].

CF represents how well wind turbine
generators produce power compared to their
rated powers. Mathematically, it is defined

as a ratio of the annual energy production
(AEP) of a wind farm to the total capacity
of the wind farm multiplied by 8,760 hours.
Therefore, in order to calculate the CF of a
wind farm, it is essential to know the AEP
of the wind farm.

So far, when a validation study is carried
out for a future wind farm site, wind farm
design programs have been mainly used.
Wind farm design programs provide tools
for finding optimal wind farm layouts and
yield the AEP and CF when particular wind
turbine generators are selected by users.
They don’t, however, provide any tools to
determine proper wind turbine generators
for the wind farm site of interest. Without
such tools, it is very time consuming and
difficult job to select proper wind turbines
for the particular site.

Therefore the objective of this paper is to
develop a method to automatically determine
proper wind turbines for particular sites in
the perspective of the CF of the wind farm
site. Although, the economic evaluation is not
included in the method, this is considered
very useful at the design stage of a wind
farm.

2. Methodology

2.1 Wind Resource

To determine proper wind turbines for a
region of interest, it is necessary to know
the wind characteristics of the whole region.
This can be done using commercial software
for wind resource estimation.

The Weibull Probability Distribution (WPD)
function that represents a wind characteristic
of a site is mathematically defined by [3]
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where C is the scale factor in m/s, and k

f(v)= —(%)klexp

is the shape factor.

2.2 Power Curve

The power curve data of wind turbine
generators commercially available can be
found as a form of text file. In the text file,
the power of the wind turbine in kW is
listed with respect to the wind speed.
Table 1 shows an example of such power
curve data. The lowest and highest wind
speeds in the table that can generate
electricity are called the cut-in and cut-out
wind speeds, respectively.

Table 1. Example of power curve data of a wind turbine

Wind Speed Power || Wind Speed Power

(m/s) (kW) (m/s) (kW)

1 0 14 2,000

2 0 15 2,000

3 0 16 2,000

4 88 17 2,000

5 204 18 2,000

6 371 19 2,000

7 602 20 2,000

8 990 21 2,000

9 1,229 22 2,000

10 1,555 23 2,000

11 1,835 24 2,000

12 1,967 25 2,000
13 1,967

2.3 AEP and CF

Using the WPD function and the power
curves of the wind turbines described in
Secs. 2.1 and 2.2, the AEP and the CF can
be estimated. The AEP is mathematically
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defined as [5]
AEP=Y[P(V)xf(V)x8760] (2)

where, AEP is the annual energy
production in kWh, P(V) is the power
production for wind speeds in kW, fiV) is
the frequency of occurrence of wind speed.

As described in Introduction, the CF is
expressed by [5]

AEP

CFUb) = 5560

100 (3)

where P, is the rated power of wind
turbines in kW.

2.4 Computer Code

A program was developed using Matlab
to find out wind turbine generators that
yield the highest capacity factor at each
site (refer to Fig. 1) of a region of interest.
Figure 2 shows a flow chart of the program
developed for this study. As explained in
the previous sections, the wind resource
data are obtained from a commercial wind
resource prediction program[6-8]. In this
study, WASP [9.10] was used. The Weibull
parameters C and k are then extracted from
the wind resources data for the whole
region of interests and used as one of the
inputs in the optimization program. For all
the wind turbine generators, the CF’s are
estimated using the Weibull parameters and
power curve data locations by locations
over the entire region and compared. Finally,
the best wind turbine generator yielding the
highest CF at each location (grid point) is
determined and displayed.

S=Ef ORISR =2 Vol. 31, No. 5, 2011



Investigation on Selecting Optimal Wind Turbines in the Capacity Factor Point of View/W00, Jae-kyoon

= o

/\ |
/ L
@ S0
: 1
AT 3
= 2
T :
19-36ms | ]
-
3E6-52mis /i
EEZVEQI’\’!J'S
J59-a5ms /
 EEELERYE - - 5 -
10.2-118me B =a5 /
7
W 18- 135 ms 3 ; 1

Fig 1. Wind resource map of a region
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Fig 2. Flow chart of the optimization program
3. Analysis and Results

The simulation program based on the
methodology described in Section 2 was
applied to find out proper wind turbines for
three different regions, A, B and C, and the
results are shown in Fig. 3. All the three
sites are mountainous as shown in the

figure. The highest and lowest altitudes of
the sites are listed in Table 2.

A:No.1WTG

K:No.17 WTG

15
x10 16 e ‘e Region C

165 48

Fig 3. Map of optimal wind turbines for regions A, B and C

Table 2. Highest and lowest altitudes of regions A, B, and C

Highest altitude(m) | Lowest altitude(m)
Site A 925 175
Site B 823 225
Site C 1,395 499

In this study, a total of eighteen wind
turbines from eleven different wind turbine
manufacturers were considered. All of them
have the same hub height, 80m. The wind
turbines have various rated powers
between 1.5 MW and 2.75 MW. The total
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wind turbines analyzed are listed on Table 3.

Table 3. List of wind turbines considered in the optimization

Manufactu Rated Rotor Cut-in
No. rer Power Diameter Speed
(kW) (m) (m/s)

1 1,800

2 A 2,000 90.0 4.0
3 3,000

4 B 2,000 82.0 3.0
5 1,500 80.0 4.0
6 C 2,000 87.0 4.0
7 2,500 90.0 4.0
8 1,500 77.0 35
9 D 1,500 82.5 )
10 2,500 88.0 4.0
11 E 2,500 90.0 4.0
12 F 2,750 92.0 4.0
13 G 2,000 84.0 4.0
14 H 2,500 80.0 4.0
15 I 2,500 80.0 4.0
16 J 2,000 80.0 35
17 2,300 92.6

18 K 2,300 82.4 40

The simulation results for the three
regions are presented in Fig. 3. As shown
in the figure, a few various wind turbines
were selected for different sites. For region
A, three different wind turbines were found
to be the best for the CF for different
locations. They were the No.1 wind turbine
of company A (Refer to Table 3), No.10
wind turbine of company D, and No.17
wind turbine of company K. For region B,
the No.3 and No.7 wind turbines of
companies A and C were the best, and the
No.l and No.7 wind turbines of companies
A and C yielded the best CF for region C.

4. Application

To prove the usability of the optimization
program developed, it was applied to find
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out the best wind turbine for an existing
wind farm in Korea. As shown in Fig. 4,
the wind farm is located in a mountainous
area, and has a total of 49 wind turbine
generators. The total capacity of the wind
farm is 98 MW. The wind turbines already
installed in the wind farm are the No.2
wind turbines of company A having a hub
height of 60m.

Fig 4. Satellite photo of the wind farm analyzed

In order to find out the wind resource of
the wind farm region, the wind data
obtained from a nearby AWS were used as
an input to the Wind Atlas Analysis and
Application Program (WAsP). WASsP is a
PC program that is used extensively to
estimate wind energy resources.

The AWS is about 2.6 km away from the
closest wind turbine in the wind farm and
9.2 km away from the farthest. Then the A
and k parameters of the region including all
the wind farm locations were obtained.
The measurement period of the data used
was from Jan. 1 2009 to Dec. 31 2009.

The simulation results are presented in
Fig. 5. As can be seen from the figure, the
No.1 wind turbine of company A was found
to be the best for most spots in the region.
For some portion of the region, the No.17
wind turbine of company K was predicted
to be the best.
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To validate the result, the capacity factors
of the wind farm predicted using WAsP
before and after the optimization were
compared each other. The predictions were
also compared with the measured CF of the
wind farm [11]. Table 4 shows the results.
First of all, before optimization, the WAsP
prediction of the CF of the wind farm is
very close to the measured CF. This proves
that the WASP can be used to predict the
CF of the wind farm. Also as expected, for the
predicted CF’s before and after optimization,
the predicted CF after optimization was
1.19% higher than that before optimization.
This means that if the wind farm had
chosen the No.l wind turbine of company
A, its efficiency would have been slightly
higher than that of the current wind farm.
This can lead to higher economic efficiency
of the wind farm.

A:No.1WTG

Fig 5. Map of proper wind turbines for the wind farm region.

Table 4. Measured vs. predicted CF of the wind farm
before and after optimization.

Predicted Predicted
(Before (After
Optimization) | Optimization)

Measured

Capacity

factor(%) 251 210 293

5. Conclusion

A program to determine a proper wind
turbine generator for the maximum CF at a
site has been developed. The program uses
both the wind characteristics of the site of
interest and the power curve of wind turbine
generators. It was applied to three different
regions in complex terrain and yielded
site-dependent proper wind turbine generators.
For a validation, the program was applied to
find out proper wind turbine generators of
the wind farm currently operated in Korea.
It successfully determined the wind turbine
generators which could yield the CF which
is about 1.1 % higher than the CF of the current
wind farm. The program and methodology
developed in this study considered to be
very useful at the initial design stage of the
wind farm to determine proper wind turbine
generators for the site of interest.
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