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Abstract: In order to make full use of the potential of wind resources in a specific offshore area, this
paper proposes a new method to simultaneously optimize the number, hub height and layout of a
wind farm. The wind farm is subdivided by grids, and the intersection points are set as the potential
wind turbine positions. The method adopts a genetic algorithm and encodes wind farm parameters
into chromosomes in binary form. The length of chromosomes is decided by the number of potential
positions and the hub heights to be selected. The optimization process includes selection, crossover,
and mutation, while the efficiency of wind farm is set as the optimization objective. The proposed
method is validated by three benchmark cases. It has proven to be effective in deciding the number of
turbines and improving the efficiency of the wind farm. Another advantage of the proposed method
is that it can be widely applied to wind farms of any shape. A case study applying the new method
to an irregularly shaped wind farm in Hong Kong is demonstrated. By comparing the results with
the original regularly shaped wind farm, the new method can improve power generation by 6.28%.
Therefore, the proposed model is a supportive tool for designing the best number, hub heights and
positions of wind turbines.

Keywords: wind turbine number; hub height; genetic algorithm; wake effect; offshore wind farm
layout optimization

1. Introduction

Wind energy is a well-known renewable energy. As a result of its inexhaustible and
clean characteristics [1], wind energy is becoming significant all around the world [2]. For
a wind farm, many impactors will influence the economic performance, such as the type
of wind turbine, foundation, and installation cost, etc. [3] The number of wind turbines is
critical, as it will directly affect the total capacity and the efficiency. It is easy to understand
that more wind turbines can increase the energy capacity, however, due to the wake
effect, wind losses will become serious where wind turbines are installed close to each
other. Therefore, a good balance between the capacity and energy loss should be carefully
considered when selecting the wind turbine number.

The possible layouts of a wind farm can be countless. To make wind farm design and
optimization simple, the gird-based method is commonly used. It subdivides the wind
farm into small square parts, of which each grid represents a possible position for a wind
turbine. Representative studies includes references [4-15], taking the centers of squares as
the potential positions, and reference [16], taking the intersection points as the potential
positions. Even under this circumstance, the possible wind turbine layouts are numerous.
The computational cost for calculating all layouts is quite large. The wind farm under study
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is considered to have Np potential positions for wind turbines, and Nyt wind turbines,
thus the total number of distinct solutions is given as Equation (1).

B Np!
Nwr!(Np — Nwr)!

Nj
Noor = CNIT (1)
If the number of turbines is not determined, the number of possible distinct solutions

is even more, as given as (2).
Ngor = 2 )

The large number of possibilities results in a huge computational cost. In addition,
the aforementioned equations are based on the assumption that a wind farm has a fixed
number of available positions. The shortcoming of this is that the wind turbines can be
installed only on the available locations, and the layout patterns involving wind turbines
installed on other points are ignored [17]. If turbines can be constructed at any position on
the wind farm then the number of possible layouts will increase, and the computational
cost for layout optimization will increase dramatically as well.

Optimizing positions of wind turbines is a complex problem. Even in one dimen-
sion, it has no analytical solution [18]. In many studies, Nyt is assumed to be known
before constructing a wind farm [19]. This makes designing a wind farm relatively easy,
when compared to a situation wherein both the number and turbine locations have to be
determined [20]. Pérez et al. [21] applied a heuristic method and nonlinear techniques
to improve offshore wind farms’ power output. Rodrigues et al. [22] presented an opti-
mization framework for a wind farm containing moveable floating wind turbines, which
can simultaneously optimize the anchoring location and the wind turbine position. Hou
et al. [23] proposed a restriction zone concept and integrated it into an offshore wind farm
optimization method. Gebraad et al. [24] used wake steering based on yaw control with lay-
out changes to maximize the wind plant annual energy production. The combined method
can increase the annual energy production by 5%. Kirchner-Bossi and Porte-Agel [25]
integrated a Gaussian wake model with an evolutionary wind farm layout optimization
methodology, which can both attain greater power generation and decrease the electricity
cable length among turbines. Song et al. [26] used Gaussian Particle Swarm Optimiza-
tion to determine patterns of wind turbines with multiple heights installed on flat terrain.
Reddy [27] developed a method considering the elevation of terrain and the profile of
ambient wind. Moreno et al. [28] developed a multi-objective algorithm for designing
layout of a wind farm, the objectives of which included decreasing energy cost, wind farm
area and wake-induced loss.

The aforementioned methods to select the wind turbine positions assume that the
number of turbines within the wind farm is known. However, simply assuming a Ny may
not obtain the optimal results. Moreover, in engineering, the wind farm designers usually
have little knowledge about the best number of wind turbines to construct [17]. Therefore,
an investigation of best number of turbines is necessary. Mustakerov and Borissova [29]
developed an approach for choosing wind turbine type, number and position based on
the given environment conditions and wind farm area. In the proposed method, the
optimization problem was regarded as a combinatorial task of a single criterion and a
mixed-integer nonlinear discrete criterion. Ekonomou et al. [30] presented an Artificial
Neural Network method that can decide the best quantity of wind turbines and energy
generation of a wind farm. Feng et al. [31] presented a multi-objective algorithm that
could simultaneously optimize the number and position of wind turbines. The method
formulated the positions of wind turbines as continuous variables. In addition, two
objectives were considered, including increasing the power generation and decreasing
the length of electrical cable. Mittal et al. [17] proposed an optimization methodology
combining the probabilistic genetic algorithms and deterministic gradient methods, which
can optimize the number of turbines as well as the turbine positions on the wind farm.
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Mittal et al. [32] optimized the number and positions of turbines by balancing energy
and noise.

All of these studies help to decide on the number of turbines on a uniform wind farm,
where all turbines are of a same type. Recent studies have shown that a wind farm consisting
of turbines with different hub heights may have a larger power efficiency [33]. However,
the question of how to decide on the number of turbines at different hub heights has not
been investigated in depth. Therefore, this research proposes a novel binary method to
simultaneously optimize the number, hub heights and layout of wind turbines. The rest of
this paper is structured as follows. In Section 2, the proposed method is introduced in detail,
including models for simulating wind farm performance and the optimization algorithm.
In Section 3, the effectiveness of the new methodology is evaluated by conducting three
typical case studies and comparing them with the benchmark results. In Section 4, the
impact of hub height on wind farm efficiency is discussed, and a series of hub height
differences from 5 m to 50 m are included. In Section 5, the procedure of applying the
proposed method to irregularly shaped wind farms is described and an application on an
offshore wind farm in Hong Kong is demonstrated. Finally, the major conclusions drawn
from this paper are summarized in Section 6. Based on this research, the proposed binary
method is effective to simultaneously decide on the number and hub heights of wind
turbines on a non-uniform wind farm.

2. Model Setting

Mosetti et al. [34] first investigated the wind turbine number and layout optimization
problem on a square wind farm. Three cases were demonstrated, which are regarded as
benchmark by the following scholars. Therefore, to assess the validity of the presented
method, results from the new method are compared with those benchmark results.

2.1. Wind Farm Model

The wind farm is square-shaped and its size is 20 km x 20 km. The minimum spacing
between wind turbines is restricted to 5D (D represents wind turbine’s rotor diameter).

2.1.1. Potential Positions

The wind farm is subdivided into several equal square cells. The wind farm has
10 x 10 grids. In the study by Mosetti et al. [34], each cell center is a potential location for
wind turbines, and therefore 100 potential positions were contained in the optimization. In
this study, each intersection point is a possible location, therefore there are 121 potential
positions. Figure 1 demonstrates the potential positions for wind turbines in the two studies.

>{ Positions in this study
O Positions in Mosetti's study

XK X X X

Figure 1. Potential positions for wind turbines.
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2.1.2. Wind Turbine

Only one type of wind turbine is applied in this paper, of which the parameters are
shown in Table 1. The size of the wind farm is 50D x 50D. Compared to 100 possible turbine
locations in the original study [34], there are 121 possible turbine locations in this study.

Table 1. Parameters of wind turbine.

Parameter Value

Hub Height (10) 60 m

Rotor Diameter (D) 40 m

Thrust Coefficient (Ct) 0.88

Roughness (z0) 0.3m
Rated Wind Speed (uR) 128 m/s
Cut-Out Wind Speed (ucp) 18 m/s
Rated Power (Pg) 630 kW

The function for the wind turbine’s power curve is as follows.

03u3, 0<u< UR
P= Pr ur < u < uco 3)
0, u>uco

2.1.3. Wake Effect

The wake effect happens behind operating wind turbines and continues for a long
distance, which has a negative influence on the downwind wind turbines [35]. The Jensen
wake model is widely used, but its assumptions are unrealistic. To be specific, wind speed
is assumed to be constant at a specific downwind distance and the same at different radial
positions [36]. To overcome these shortcomings, an improved two-dimensional Jensen
wake model is adopted in this paper [37]. In this wake model, the wake influence on the
downstream turbine has a close relationship with the relative position between the two
wind turbines. Considering the hub height difference and relative position between the
two turbines, the wake-influenced area is explained in Figure 2.

wind /] wake influenced area

Figure 2. Wake-influenced area.

x is the downwind distance between two turbines. Ah is the difference in hub height.
ro is the radius of the rotor. ry, is the radius of the circular wake-affected area. d is the
spacing between wind turbines projected in the direction perpendicular to the inflow. The
wake-influenced area for the downwind turbine has three situations [38]. In Figure 2a,
where d < ry — 1, the downwind turbine is totally affected by wakes. In Figure 2b, where
rw — 19 < d < 1y + 1, only part of the downwind turbine is influenced by the wake effect.
In Figure 2¢, where ry, + 1y < d, the downwind turbine is under no wake effect. Assuming
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S to be the downstream turbine’s swept area and Sy, to be the area influenced by wakes,
they can be calculated by Equations (4) and (5).

S = m’wz 4)

. 01
5 5~ rwd sin > 5)

1 and 6, are two angles demonstrated in Figure 2b, which can be calculated by
Equations (6) and (7), respectively.

917102 92702
Sw =

rw2 +d?— 702

01 = 2arccos rad

(6)
102 + d? — ry?
2r0d

Assuming u is the incoming wind speed, Equation (8) shows the calculation of the
wind speed of the downstream turbine.

0, = 2arccos

@)

2ar3
u = uy 1-— (rOthxox)Z:|, d<7w—1’0

2ar2 S 8
U =up 1_(r0+a0x)2'§0]' rw—10 < d <1y + 19 ®)
u = ug, rw+rg <d

2.1.4. Cost

To consider the cost’s influence on number of wind turbines, a non-dimensionalized
cost/year is adopted. Specifically, the wind turbine’s annual cost is regarded as 1. The
greatest cost reduction is assumed to be 1/3, which happens to a wind turbine when it is
surrounded by plenty of other turbines. Referring to the study of Mosetti et al. [34], the
total annual cost of wind farm is shown in Equation (9).

2 1
Costr = Nyyr(5 + ze " 0174Nnr?) ©)

2.2. Optimization Algorithm

A genetic algorithm (GA) has proven to be an effective tool for optimizing positions of
wind turbines [39], and is therefore is adopted in this study. The information of number, hub
heights and layout are all involved in the chromosome. The structure of the chromosome is
demonstrated in Figure 3.

2xNp
A

Chromosome ‘1‘1’...‘0’1‘1‘0‘...‘1‘0‘

Y Y
Np Np

Control the existence
1 of wind turbine
Control the hub height
1 of wind turbine
Figure 3. The chromosome of GA in this study.

The number and hub height of turbine are simultaneously optimized to obtain an
optimal result. To be specific, for Np potential positions, each chromosome has 2Np binary
numbers. The first Np numbers represent the existence of wind turbines. If the number is 1,
the corresponding position has a wind turbine, while if the number is 0, the corresponding
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position has no wind turbine. The second Np numbers represent the hub height information.
Two hub heights are involved in this study, and 1 and 0 represent the two different hub
heights, respectively. For example, when the hub heights of i; and h; are considered, if the
binary number is 1, then the corresponding hub height is 11, while if the binary number
is 0, the corresponding hub height is h;. If more hub heights are considered on a wind
farm, they should be controlled with the corresponding binary numbers. Thus, different
configurations of wind farm could be represented by the chromosome.

The optimization objective is to achieve the most energy generation at a certain cost.
Assuming Pr is the power output per year, the function of the objective is as follows.

Pr (10)

Objective = Costr

The procedure of the proposed method for the wind farm optimization problem is
demonstrated in Figure 4. As mentioned before, 5D is set as the restriction distance in this
paper, but other restriction distances can also be applied according to the actual working
conditions. Next, the grid of potential positions based on the restriction distance will be
applied to the wind farm, and all potential positions for wind turbines are determined.
Then, the potential positions should be numbered for coding the chromosome and then for
optimizing the layout. The information on wind turbine existence and hub height will be
simultaneously coded in one chromosome. The number of hub height options will influence
the length of chromosome. After the process of configuring the wind farm, the work of
initialization for GA optimization can be conducted. Each chromosome represents a unique
wind farm design, and the annual energy production can be calculated by considering the
wind turbine number and the wake-induced power loss. All chromosomes will be judged by
the elitist strategy and sorted according to the fitness evaluation [40]. When the termination
condition is met, the optimized result is obtained. Otherwise, the chromosomes will go
into the selection, crossover and mutation processes, and new results will be generated.
In the selection part, the fittest individuals are selected and generated. In the crossover
part, features of good surviving individuals are propagated into the next population. The
mutation process promotes diversity in population. This process will repeat until the
termination criterion is met, and the optimized result will be obtained in the end.

Caleulation of the minimum distance|
between wind turbines

¥

Determination of the potential
positions in the wind farm for wind
turbines

Selection

Crossover

Coding the positions and hub
heights
Initialization for GA Wake estimation
optimization

Elitist strategy

Fitness evaluation

Iz the termination criteria met?

YES

Figure 4. Process demonstration of the methodology.

The setting of parameters for the GA process used in this research is shown in Table 2.
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Table 2. The parameter setting for GA.

Parameter Value
Individual Size 200
Mutation Probability 0.01-0.1
Crossover Probability 0.6-0.9
Iteration 400

3. Benchmark Case Study—Two Hub Heights

The hub height in the benchmark study is 60 m. To evaluate the validity of the new
method, two hub heights of 55 m and 65 m are adopted in this study. Three case studies with
different incoming wind conditions are conducted to evaluate the proposed optimization
method. The cases include: (1) a single wind direction; (2) multiple wind directions with a
constant intensity; and (3) multiple wind directions and intensities.

3.1. Case 1—A Single Wind Direction

The wind speed in Case 1 is set to be constant. The incoming wind is 12 m/s. The
wind comes from north, i.e., wind direction is 0°. The wind distribution for this case is
demonstrated in Figure 5. Figure 6 demonstrates the optimized layout and hub heights of
wind turbines in Case 1 and compares them with the original result.

I 12 m/s |
09t 1
0.8
z
20.7+
£
206"
2
05 F
=l
E04f
03+
02t
0.1

60 120 180 240 300 360
Wind Direction(®)

Figure 5. Wind distribution for the Case 1: a constant intensity and a single direction.

O Mosetti's study: Hub height=60 m
+  This study: Hub height=55 m
¥  This study: Hub height=65 m
2000 |- + % 4+ % % ok k k * *
a o o a
1800 [ #*
a o o
1600
a a
1400 + + + * +
;E/ 1200 - * +
>" a o
1000 - * * %
o
800 + + +
o o a
600 [- * 4+ + + +
o
400 -
a o o o
200 -
a o o o o a
oF %* + * + * + + + + + +

0 200 400 600 800 100012001400160018002000
X(m)

Figure 6. Optimized results of Case 1.
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Table 3 compares the results from this study with those from Mosetti’s study. The
optimized turbine number in Mosetti’s study is 25, while the number in this study is 40,
among which 18 are 55 m high and 22 are 65 m high. The annual non-dimensionalized
cost reduces from 1.57 x 1073 to 1.43 x 10~3. The wind farm’s efficiency shows a little
reduction, from 0.95 to 0.93, but the annual total power increases from 12,375 kW to
19,222 kW. Therefore, in this case, the proposed method both improves the power output
and reduces the cost.

Table 3. Optimized parameters of this study compared with Mosetti’s study for Case 1.

. . Annual
E{{]f:;l;r}\:ca); 1;’1f Al‘,r:’r‘:vlgl({%e;l Non-DimCe(I)lsstionalized Number of Turbines
Mosetti’s Study 0.95 12,375 1.57 x 1073 25 (Hub height: 60 m)
This Study 0.93 19,222 143 x 103 18 (Hub height: 55 m)

22 (Hub height: 65 m)

3.2. Case 2—Multiple Wind Directions with a Constant Intensity

In this case, the incoming wind speed is set as 12 m/s, but the wind blows evenly
from all 360° directions. The wind distribution for this case is demonstrated in Figure 7.
Figure 8 demonstrates the optimized layout and hub heights of wind turbines in Case 2,
and the results are also compared with the original study.

0.05 ;
12 m/s
0.04
>
Q
50031
o
e
=~
2002}
=
0.01}
0
0 60 120 180 240 300 360

Wind Direction(®)

Figure 7. Wind distribution for Case 2: a constant intensity and variable directions.

O Mosetti's study: Hub height=60 m
=+ This study: Hub height=55 m
#  This study: Hub height=65 m

2000 % + * + + * + * +

o o

o

*
* + * + * + * + *

1800 +
o o o
1600 -
1400 |-
_
51200 r
>
1000 -
800 1

600 -

o
o
o

400 -

200 -

o

o o o

+ ottt

* + * + * + * +
*
+

0 200 400 600 800 1000120014001600 18002000
X(m)

Figure 8. Optimized layouts of Case 2.
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Table 4 compares the results from this study with those from Mosetti’s study. The
optimized number of wind turbines in Mosetti’s study is 19, while it is 45 in this study. A
total of 22 wind turbines are at the 55 m hub height and 23 are at the 65 m hub height. The
annual non-dimensionalized cost reduces from 1.84 x 1072 to 1.44 x 10~3. The efficiency of
the wind farm increases from 0.88 to 0.91. The annual power also increases, from 8711 kW
to 21,168 kW. In this case, the proposed method significantly improves the wind farm’s
performance in all aspects involved. In particular, the annual total power is about 2.5 times
the original results.

Table 4. Optimized parameters of this study compared with Mosetti’s study for Case 2.

Annual Non-

Efficiency of Annual Total

" Dimensionalized Number of Turbines

Wind Farm Power (kW) Cost
Mosetti’s Study 0.88 8711 1.84 x 1073 19 (Hub height: 60 m)
This Study 0.91 21,168 144 % 103 22 (Hub height: 55 m)

23 (Hub height: 65 m)

3.3. Case 3—Multiple Wind Directions and Intensities

In Case 3, the wind speed is not a constant, and the wind direction changes as well.
The wind distribution for this case is shown in Figure 9. Figure 10 demonstrates the
optimized layout and hub heights of wind turbines in Case 3, which are compared with the
original result.

0.06

8 /s
0.05F - 12 m/s
17 m/s

Wind Frequency
s o o
[=3 f=1 [}
[\S] w s

e
=
T

0 60 120 180 240 300 360
Wind Direction(°®)

Figure 9. Wind distribution for the Case 3: variable intensities and variable directions.

Table 5 compares the results of this case. In Mosetti’s study, the optimized turbine
number is 15, and that in this study is 51. A total of 26 turbines are 55 m high and the
other 25 are 65 m high. The annual non-dimensionalized cost reduces from 3.61 x 103
to 1.45 x 1073. The efficiency of the wind farm increases from 0.84 to 0.95, and the annual
power also increases from 3695 kW to 23,514 kW. In this case, the proposed method also
significantly improves the efficiency and power generation performances of the wind farm.

Table 5. Optimized parameters of this study compared with Mosetti’s study for Case 3.

Annual Non-

Efficiency of Wind Annual Total

Dimensionalized Number of Turbines

Farm Power (kW) Cost
Mosetti’s Study 0.84 3695 3.61 x 1073 15 (Hub height: 60 m)
This Study 0.95 23,514 145 x 103 26 (Fub height: 55 m)

25 (Hub height: 65 m)
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O Mosetti's study: Hub height=60 m
4+ This study: Hub height=55 m
#%  This study: Hub height=65 m
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X(m)

Figure 10. Optimized layouts of Case 3.

Based on the aforementioned three case studies, the proposed method is helpful for
improving the performance of wind farm. Adopting two hub heights can significantly
reduce the annual non-dimensionalized cost. In all cases, if the proposed method is
adopted, more turbines could be constructed within a wind farm. This also results in
an important improvement in annual energy output. The wind farm’s efficiency has
different performance in three cases, but all three efficiencies are acceptable as they are
larger than 0.91.

4. The Impact of Hub Height on Wind Farm Efficiency

To investigate the impact of hub height on efficiency of a wind farm, a series of hub
height differences are adopted. The wind farm optimization is conducted under different
hub height differences. The wind condition of Case 3 is applied, and the wind farm
efficiency is shown Figure 11.

0.98 1
0.96 1
0.94

<
o
e}

fficiency
(=]
Nl

0 0.88 1

—&—This study
0.84E O Mosetti's study

0 5 10 15 20 25 30 35 40 45 50
Hub height difference (m)

Figure 11. Efficiency of wind farm under different hub height differences.

The range of hub height difference is between 5 m and 50 m. With the hub height
difference increasing, the efficiency of the wind farm also has a significant increasing trend.
When difference of hub height is 5 m, the efficiency of wind farm is 0.952. If the hub height
difference increases by 50 m, the efficiency will increase to 0.970. Mosetti’s study contained
identical turbines and the wind farm efficiency was only 0.84. If wind turbines are at
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the same height, wind farm optimization can only be conducted in the horizontal plan
to avoid the impact from wakes. If wind turbines have two or more hub height options,
the optimization is not limited to the horizontal plane; the vertical direction should also
be considered. Therefore, adopting wind turbines of different hub heights contributes to
improving the efficiency of wind farm.

5. Application for Irregularly Shaped Wind Farms

The proposed binary wind farm optimization method can be applied to both the
regularly shaped wind farms and the irregularly shaped wind farms. The application on
the regularly shaped wind farms has been demonstrated in the aforementioned study. The
application on irregularly shaped wind farms will be demonstrated in this section. The
method will also be adopted for the design of an offshore wind farm for Hong Kong based
on the actual wind data.

5.1. Deciding Potential Wind Turbine Locations

In an irregularly shaped wind farm, the major difference from the regularly shaped
wind farm lies in coding the potential positions. The entire wind farm area should be
firstly subdivided into grids according to the distance restriction. Then, the length of each
chromosome can be decided based on numbers of intersections and hub height options.
Each number in the chromosome corresponds to the existence and hub height information
of wind turbines. When estimating the wake effect, the related positions among wind
turbines should be calculated according to the actual location on the irregularly shaped
wind farm.

5.2. A Case Study

Hong Kong covers a total area of 2755 km?, including 1107 km? land area and 1648 km?
water area [41]. It has great advantages for exploiting offshore wind energy. Sun et al. [42]
discussed the offshore wind energy with regards to a repowering strategy in the seawater
area around Sha Chau Island. Gao et al. [6] conducted a feasibility study on developing
wind power in Hong Kong. They show that the Waglan Island sea area has huge offshore
wind energy potential. Figure 12 demonstrates the wind conditions in the Waglan Island
sea area.

0.1 , :
| = I [0,2) m/s
0.09 - B 2.4) m/s
0.08 F M [CT[4.6) m/s
= I:l[é,g) m/s
> 0.07 [ AL [ [8,10) m/s
% Le C_1[10,12) m/s
8 0.06 H C[12,14) s
5005 | M [ 14,16) m/s
= B [16,18) m/s
_’g 0.04 I [ 18, max) m/s
= 0.03 -
0.02 -
0.01 -
0

0 60 120 180 240 300 360
Wind Direction(®)

Figure 12. Wind distribution in Waglan Island sea area.

The Waglan sea area is an ideal area for wind energy, in which most wind speeds are
between 6 and 12 m/s. It is also the largest one among all suitable sea areas, and is therefore
selected in this research. For the area, a rectangular area is selected by Gao et al. [6] The
area has a size of 3740 m x 5828 m, which is shown in the pink area in Figure 13. However,
it is clear that due to the restriction of the rectangular shape, plenty of the area cannot be
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made good use of. Therefore, in this study, a new irregularly shaped offshore wind farm is
proposed in the Waglan sea area. The shape and size are also demonstrated in Figure 13.

9404 m

le1620 M

;

/

3740 m

7 ARestricted Area
CoiSIWind farm in Dr. Gao's study
[C__1Wind farm in this study

Figure 13. Proposed wind farm near Waglan Island.

The area of the original regularly shaped wind farm is 21.80 km?, while that of the
new irregularly shaped wind farm is 32.86 km?. The wind turbine model is the same as
that in Section 2.1. The restriction distance is set as 5D, which is 200 m in this case. As
introduced previously, the wind farm should be subdivided into small grids based on the
restriction distance. Figure 14 demonstrates the subdivided grids of two wind farms. The
intersection points of these square grids are the potential locations of wind turbines.

Figure 14. Grids of wind farms.

From Figure 14, the original regularly shaped wind farm has 551 intersection points,
which means there are 551 potential locations. By contrast, the new wind farm has 827 in-
tersection points. It has more potential locations for wind turbines, indicating a greater
energy capacity than the original one. Two hub heights of 50 m and 70 m are applied in
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the optimization. The variation of wind speed in the vertical direction is considered in this
study. The power law is applied, and the equation is as follows [42]:

o=y (;) (11)

In the equation, zg is a reference height; v is the wind speed at zy; v is the wind speed at
the height of z and « is the empirically derived power law coefficient that varies dependent
upon the stability of the atmosphere. When the wind blows through a considerable distance
from smooth terrain to rough terrain, the variation can be described by Equation (12). Vg is
the gradient wind velocity that remains unchanged:

z1\ 1 2\ *2
o () o )

Consequently, the following equation can be obtained:

()7 (2)" )

Vi 02 z1
The chromosome in the regularly shaped case has 1102 binary number codes, and the
chromosome in the irregularly shaped case has 1654 binary number codes. In Figure 14,
blue lines are the coordinate axes and each potential location has its relative coordinates
for the optimization process. During the optimization, the existence of a turbine and hub

height at each potential position are decided simultaneously. The optimized results of two
potential wind farms are demonstrated in Figure 15.

Positions of wind turbines
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Figure 15. Comparison of optimization results.

In Figure 15, the blue points represent wind turbines optimized for the original regu-
larly shaped wind farm, and the red points represent wind turbines optimized for the new
irregularly shaped wind farm. Comparing the two layouts, the new wind farm has more
space for wind turbines and the interval is also larger. The layouts are highly correlated
with wind direction. From Figure 12, the prevailing wind is from northeast. Therefore, the
northeast intervals are relatively larger than the crosswind ones. Optimized parameters of
these two layout strategies are shown in Table 6. The annual non-dimensionalized cost is
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still the objective of the two optimization processes. The values of the two strategies are
very close, and the efficiencies are all larger than 0.98. The optimized regularly shaped
wind farm has 55 wind turbines, of which 31 are 50 m high and the other 24 are 70 m high.
On the optimized irregularly shaped wind farm, there are 58 wind turbines, those of 50 m
and those of 70 m each account for half. The difference in the turbine number results in the
difference in the total power of two wind farms. The regularly shaped wind turbine farm
has an annual total power of 5658.0 kW, and the new irregularly shaped wind turbine farm
has an annual total power of 6013.1 kW. Increasing the area of the wind field improves the
power. In this case, a 6.28% improvement in the total power can be achieved by making
use of the additional area of the wind farm.

Table 6. Optimized parameters of two strategies.

Efficiency of Annual Total Annual Non-

Wind Farm Power (kW) Dimenéi)osrt\alized Number of Turbines
- 31 (Hub height: 50 m)
3
Regularly Shaped 0.981 5658.0 64976 x 10 24 (Hub height: 70 m)
Irregularly Shaped 0.988 6013.1 6439 x 10~ 29 (Fiub height: 50 m)

29 (Hub height: 70 m)

6. Conclusions

This paper proposed a binary method for investigating the wind farm layout optimiza-
tion problem by simultaneously considering the number and hub heights of wind turbines.
Major conclusions drawn from this study are summarized as follows.

(1) A new wind farm optimization method is proposed wherein the number and hub
heights of wind turbines could be optimized simultaneously. The newly proposed
method subdivides wind farms into square grids based on the restriction distance
and sets the interaction points for potential positions of wind turbines. A genetic
algorithm (GA) is adopted as the optimization method. The chromosome consists of
binary numbers that represent all wind turbines’ positions and hub heights.

(2) The method is evaluated by comparing the results with three benchmark studies.
The wake effect caused by the hub height difference is considered by applying a two-
dimensional wake model. The results show that when the hub height difference is
10 m, this method can increase the annual power generation under all wind conditions
and can significantly reduce the annual non-dimensionalized cost.

(3) The proposed method can also improve the power efficiency of the entire wind farm.
The influence of hub height on efficiency is studied with height difference ranges
from 5 m to 50 m. It is found that applying wind turbines with different heights can
profoundly increase the wind farm’s efficiency. To be specific, the efficiency increases
from 0.952 to 0.970 when the hub height difference increases from 5 m to 50 m.

(4) The proposed method is also effective for optimizing irregularly shaped wind farms.
By subdividing the wind farm with square grids with the restriction distance, all
potential wind turbine positions can be obtained and then optimized by GA. An
application in the offshore area around Waglan Island is shown and compared with a
regularly shaped wind farm in this area. The new method improves the wind farm
capacity by 6.28%, which provides an important strategy for offshore wind power
development in Hong Kong.

The newly proposed methodology for wind farm optimization fills the research gap
of simultaneously deciding the number and hub heights of wind turbines. According to
the case study, this method can significantly improve an offshore wind farm’s capacity
and power efficiency. Notably, there are still some limitations need to be solved. The
potential wind turbine positions are decided by square grids, of which the side length is
the restriction distance. However, this is a simplified method and may exclude the actual
best layout because the positions of the best layout may be continuous rather than based
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on a grid. Therefore, further studies should be conducted to look for better layouts based
on continuous coordinates.
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