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H I G H L I G H T S

• It represents the layout optimization considering noise problem with wake effect.

• The wake effect is considered with power production as priority and WT noise.

• Two strategies are analyzed due to different economic and regulatory requirements.
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A B S T R A C T

As wind farm numbers and areas increase worldwide, it has become increasingly important to examine the
impact of wind energy on the surrounding environment. One effect in some scenarios is noise, which depends on
the type and age of the wind turbines and the distances between them and the residential buildings. Previous
research on wind farm layout optimization has been generally aimed at achieving the minimum investment cost
or maximum captured energy. This approach does not entirely align with minimizing noise. This paper focuses
on an optimal layout for a wind farm considering its noise, without sacrificing power production. By optimizing
the wind farm layout, the minimum noise is set as the basic objective, and both the wake effect and distances
among wind turbines are considered. The basic particle swarm optimization algorithm and its evolutionary
version are adopted and compared for better performance of calculation cost. Two strategies are presented to
address the problems in various scenarios and to demonstrate the applicability of the proposed method and its
effectiveness in designing layouts that minimize noise. Compared to a reference layout, a stringent noise control
strategy could reduce the noise by 11%, even if minor, and increase the power production by 3.1%. A flexible
strategy could reduce the noise by 5.7% and increase the power production by 3.1%.

1. Introduction

Wind energy generation capacity has increased substantially
worldwide owing to the abundance of wind energy resources, de-
creasing cost of wind energy, and establishment of policies that favor
clean, renewable energy sources. According to the Global Wind Energy
Council, wind energy added 51.3 GW in new capacity in 2018 [1]. The
newly installed capacities of wind energy in China and the United States
rank first and second, respectively, in the world in terms of rapid de-
velopment.

Because of the high productivity of offshore wind farms, research
efforts have focused on them. However, in addition to the high initial
investments required, the operation and maintenance costs of offshore

wind farms are high. Therefore, additional large onshore wind farms
are also being developed. Compared to offshore wind farms, the opti-
mization of large-scale onshore wind farms is more dependent on the
surroundings, such as the topography of the construction area and
presence of neighboring residential areas. Such considerations have
increased the practical difficulty of the layout optimization for onshore
wind farms, requiring more detailed and well-considered designs.

Recently, some reports and research studies have observed that
wind farm noise can, in some cases, cause negative emotions, insomnia,
and various other symptoms [2,3]. Some of these studies have led to
controversial discussions about the impacts of wind farm noise on
human sleep and psychological distress [4,5]. [5] indicates that if re-
sidents have a negative attitude toward the wind farm noise or are
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concerned about its effect on their property value, their sleep is ex-
pected to be affected. Although some related studies have depicted that
personal attitudes, and not wind turbines (WTs), have a significant
impact on wind farm noise perceptions, other evidence indicates that
wind farm noise itself, in some cases, may cause some sleep disturbance
[3]. Another study [6] found a relationship between the sound pressure
level and the noise annoyance. With the increasing growth of wind
energy and the potential effects of noise in a few instances, minimizing
noise is a useful objective.

According to the recommended environmental noise standard pro-
posed by the International Organization for Standardization (ISO), the
allowable level in a residential area is approximately 35–45 dB(A),
which in an industrial area can be appropriately increased to up to
50 dB(A) [7]. Such recommended values can be appropriately adjusted
where the local standards are different. Regarding the prevention and
control of noise in wind farms, considering the problem during the early
layout design can effectively reduce it in a subsequent stage. In previous
research on WT location selection, wind farm layout optimization
generally focused on maximizing the energy production or minimizing
the investment costs [8–10], and the noise problem was rarely con-
sidered. In addition, based on the varying actual conditions of wind
farms, numerous practical problems have been integrated into the
trade-off issues of wind farm productivity and revenue for improving
the comprehensive optimization [11,12]. Considering the carrying ca-
pacity of the land, status of the seabed, and other factors, wind farm
layout optimization was implemented in several scenarios in [11].
According to [12], because of the area restrictions caused by natural gas
pipelines, oil wells, and traffic, the WT layouts must be updated to suit
the actual conditions. The optimization of actual wind farms was fur-
ther analyzed in [13]. However, there is currently no detailed research
on wind farm layout optimization with focus on the WT noise problem.
Given the demand for the effective use of land resources and the in-
creasing scale of wind farms, onshore wind farms are inevitably con-
structed near residential areas, labor-intensive industrial areas, and
even schools. Although wind energy is an environmentally friendly and
clean energy, wind farm layout planning should consider the noise
problem, instead of exclusively focusing on power generation or in-
vestment costs.

In wind farm layout optimization, wake issues must not be ignored.
In addition, not all the WTs on wind farms can achieve the ideal wind
velocity to capture the wind energy because of the wake effect; speci-
fically, only a downstream WT can capture the wind, which initially
decreases and then gradually increases to a specific value passed by the
upstream WTs. The wake effect can cause up to a 15% gap between the
actual energy production and the ideal value for typical-sized wind
farms [14]. Separating the wind farms from each other reduces the

wake effects [15]. Additionally, the WT noise is subjected to similar
conditions, because the inaccurate estimation of wind velocities
without considering the wake effect impacts the rotor rotational speed,
and thus, the WT noise. The working principle of WTs is the mechanical
rotation by turbine blades to generate energy. However, during the WT
operation process, substantial noise is generated [16]. WTs have nu-
merous potential noise sources, including gear, mechanical, tip, inflow,
and airfoil self-noise [17]. Thus, the wake effect affects both the power
generation and WT noise on wind farms.

The wake effect has a reduction impact on wind velocities.
Moreover, some environmental facts, such as terrain change and re-
stricted area, also have a remarkable influence on wind velocities and
wind farm optimization [18,12]. [18] focused on the wind velocity and
power production in complex terrain and subsequently performed wind
farm optimization. [12] considered several restricted areas, such as oil
wells and gas pipelines, to observe wind farm layouts. In recent years,
some studies have also considered different objectives to deal with
different actual concerns and scenarios for wind farms. In [19], the
objective was to make the wake effect uniform, instead of only in-
creasing the power production, and the results exhibited that this was a
more comprehensive consideration. [20] estimated the influence of
neighboring wind farms on the annual energy outputs of a new planned
wind farm. Furthermore, a novel algorithm was developed for such
scenarios to achieve an effective performance. The research in [21]
modified the combination of wind farm design and electrical system
design to reduce the total wind farm costs. Furthermore, a gradient
approach has been used to formulate a multi-objective problem that
includes the land problem, energy output, and electrical system [22]. In
addition, turbine noise is an objective worth considering. For example,
[23] explored the influence of wind farm noise limitation on the energy
output. However, it was based on a semi-empirical turbine noise, and
not a mathematical turbine noise calculation.

Remarkably, wind farm noise is an important environmental factor,
and minimizing it can be the main objective of wind farm optimization.
In residential areas, it is necessary to ensure that the relevant require-
ments of zero noise pollution and increased power generation are sa-
tisfied. Specifically, considering the wake effect will have a significant
impact on the productivity calculation and WT noise in designing the
layout for onshore wind farms. Recently, several wind farm optimiza-
tion studies considered noise [24–27]. [25] was a relatively early study
on wind farm layout that considered turbine noise. Furthermore, there
are several very early studies that prospectively investigated the layouts
of wind farms and their impact on wind farm noise [28–30].

Subsequently, [24] developed and proposed a complete framework
to perform optimization considering energy and noise. However, the
wake model was simplified without considering the actual wake area

Nomenclature

B Number of blades
f Band center frequency
R Rotor radius

̂I ¡ Air density
V0 Initial wind speed at the upstream wind turbine
Soverlap Actual overlap area between the wake area and the

downstream blade-sweeping area
S0 Rotor-sweeping area of the wind turbines
X Distance between the upstream and downstream wind

turbines
N Total number of wind turbines in the wind farm
Cp Power coefficient
Β Blade pitch angle
Λ Tip speed ratio
SPL1 First part of the wind turbine noise model

SPL2 Second part of the wind turbine noise model
Φ Angle between the rotor-hub-to-receiver line and its ver-

tical projection in the rotor plane
V0.7 Blade forward speed at 0.7 radius
C0.7 Rotor blade chord at 0.7 radius
σ2 Mean square of the turbulence
Ka Frequency-dependent scaling factor
S Constant Strouhal number, 16.6
H Hub height
Vr Resultant velocity at the blade element (m/s)
D Directivity factor
Δ Boundary layer thickness
S Strouhal number
Smax Maximum value of the Strouhal number, 0.1
Kb Constant scaling factor, 5.5 dB
xi Position of a particle
vi Velocity of a particle
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change with different wind directions, and only an approximate value
of this factor was used to evaluate the wake effect [24]. This reduces the
accuracy of the wake assessment but improves the calculation time.
[26] proposed a novel hybrid method based on genetic algorithm and
probabilistic gradient to deal with the trade-off between energy and
noise. [27] considers various constraints such as land use to re-examine
similar problem. Regarding turbine noise, WT noise is assigned a fixed
value, and then the wind farm noise is calculated using a noise pro-
pagation model to different distances, which is called a semi-empirical
model [26,27]. This semi-empirical model has obvious advantages in
calculation cost, but it ignores the interaction effects of noise, wake and
WT distances. In fact, the wind farm noise is related to the wind velocity
change caused at the WTs. Thus, the turbine noise problem should
appropriately consider the wind velocity under a specific wake effect. In
general, the wake model in this paper considers a specific overlap wake
area, owing to the wind direction and wake deficit. Moreover, the
turbine noise model considers the wind velocity change due to the wake
effect. The wake effect (wind speed and wind direction must be con-
sidered), noise issue, and power production should be considered
comprehensively with some models containing wind velocities.

This study makes the following contributions. 1) It presents wind
farm layout optimization considering the noise problem with both wind
velocity changes and noise propagation. 2) The wake effect is con-
sidered along with power production and WT noise, with the power
production given priority. 3) Two practical strategies are analyzed ac-
cording to different economic and regulatory requirements, which are
compared and validated by an actual reference wind farm.

The paper is organized as follows. The development of the relevant
models is presented in Section 2. In Section 3, the problem formulation
and constraints are described. The optimization methods and frame-
work are presented in Section 4. A case study is discussed in Section 5.
Finally, the conclusions and directions for future research are offered in
Section 6.

2. Wind farm model

In this section, the Hubbard model is presented as a basis for eval-
uating the noise of wind farm layout designs. Moreover, the Jensen
model is used to calculate the wind velocities in WTs. WT noise and
power generation are considered in terms of a trade-off in the sub-
sequent layout optimization.

2.1. Wind turbine noise model

A noise model for WTs based on the aerodynamics noise model was
proposed by Hubbard et al. in the 1980s and verified by the National
Aeronautics and Space Administration of US [16]. Based on the
sounding principle of a WT, the model consists of three parts: the noise
generated when the inflow turbulence and blades meet, the noise
generated by the encounter between the turbulent boundary layer and
the trailing edge of the blade, and the noise caused by the airflow se-
parating from the trailing edge of the blade.

Because the trailing edge of a modern WT blade is mostly pointed,
the noise in the third part is smaller than those of the first two parts and
can be ignored [31]. Therefore, the first two parts of the Hubbard
model are used in evaluating the noise generated by WTs. The equa-
tions are as follows:
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2.2. Multiple noise sources

Remarkably, a noise observation site is not only affected by one WT
sound source in a wind farm but also by the multiple noise sources
presented by the multiple WTs of an entire wind farm. Each WT is re-
garded as a noise source and can be accumulated in a logarithmic form
[32]. The formula for calculating two noise sources can be written as
follows:

= ∧ + ∧L L L10 lg(10 ( 10) 10 ( 10))i j2 (4)

where Li is the noise of one WT, and Lj is the noise of another WT. The
noise of the entire wind farm can be accumulated using this method.

2.3. Sound level

Sound evaluation must consider the sound level and make certain
corrections to the acquired sound parameters based on different sound
levels. Among these levels, the A sound level is the closest to that
perceived by a human ear and is chosen to evaluate the impact of wind
farm noise. Moreover, in the noise spectrum analysis, the octave or 1/3
octave noise calculation formula is used to obtain the octave or 1/3
octave band sound pressure level [33]. This study adopts the octave
band sound pressure level as an example. The sound pressure level of
each octave band is assumed to be Lpi. Thus, the accumulated wind farm
noise value, LA, for A sound level can be rewritten as follows:

⎡
⎣⎢

∑ ⎤
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=
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(5)

where LΔ i is the A-frequency weighting correction value of the ith oc-
tave band (the correction value can be found in the sound level meter
international standard IEC 61672-1 [33]), and n is the total octave band
number.

2.4. Statistical sound level LN

WT noise is typically irregular, and its severity varies according to
the wind conditions and the wake effect. In addition, regarding the
wind farm location selection, the impact of WT noise on the sur-
rounding environment is a long-term process and not an issue of a
single instance. Therefore, in the layout design of wind farms, the sta-
tistical method of LN is adopted for evaluating the annual profile of a
wind farm noise. The statistical sound level indicates that the prob-
ability of occurrence of noise greater than this noise value is N%. For
example, L50 = 45 dB (A) signifies that the probability of noise ex-
ceeding 45 dB (A) over a period is 50%.

To ensure that the entire wind farm noise level does not exceed the
standard recommended by the environmental noise regulations, L10 is
chosen as the evaluation standard in this study. Satisfying this eva-
luation standard implies that the wind farm satisfies the standard in
90% of the annual wind conditions.

2.5. Wake velocity model

The Jensen model is chosen as the basis for calculating the wind
velocity affected by the wake effect to determine its suitability and
effectiveness. When wind passes the upstream WT, the wind velocity at
the downstream WT can be estimated using the following equation
[34]:
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where Ct is the thrust coefficient and k is the wake decay constant,
which is 0.07 for an onshore wind farm [35].
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2.6. Combination of wake

As in the superposition of WT noise as described above, one
downstream WT cannot be affected by one upstream WT in the wind
farm. A downstream WT is affected by several upstream WTs, and the
wind velocity at a downstream WT generated by N WTs can be derived
as follows [34]:
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2.7. Energy model

The maximum power point tracking (MPPT) is assumed to be
adopted in calculating the wind energy production of each WT as a
control strategy [36]. Therefore, the energy production of each WT can
be calculated as follows [37]:
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The specific values of the parameters in (8) depend on the specific
model selection for WTs. Moreover, the total power production can be
expressed as follows:

∑=
=

P P
m

N

mtol
1 (9)

3. Problem formulation

Depending on whether an inhabitant of a residential area selected as
a noise observation site receives economic compensation for a slight
noise interference, there are two scenarios, and the corresponding
problems are considered here. The objectives and constraints are ana-
lyzed subsequently.

3.1. Strict noise control

The WTs are designed to be constructed in a predefined area S1 with
a residential area S2 (Fig. 1). Area S2 is assumed to be a strict noise
control zone as a noise observation site. Specifically, the owner of this
area does not receive any economic compensation to endure the ex-
cessive wind farm noise. The evaluation value for noise can be selected
from the ISO standard to determine if the wind farm noise is excessive
for the different area types considered as noise observation sites [7].

As displayed in Fig. 1, it is assumed there are three white WTs in
area S1, and the orange circle around each WT represents the noise
range and the value generated by this WT. The darker its color, the
larger the noise. The outermost part indicates that the WT noise value
of the position is less than the specified evaluation value. It is worth
mentioning that the noise value range may not be a regular circle in the
wind farm because of the noise superposition of different WTs, and it
will be considered according to Eq. (4). This figure is only intended to
illustrate the concept of a strict noise control zone.

For different wind farms, the coordinate system can be used to re-
present the different locations of all the WTs and the surrounding re-
sidential properties. Wind farms worldwide may have different char-
acteristics, including their locations, number of WTs, planned area of
wind farms, and distribution of the surrounding properties. The sce-
narios in this study are differentiated for different strategies. Once a
strategy is selected, such as the strict noise control strategy in this part,
the basic characteristics of the wind farm and the distribution of the
surrounding residents should be adjusted; following which the next

optimization steps are begun. Therefore, the results in this study can be
extended to other wind farms and provide a technique that can be
applied to any wind farm.

Although the noise superposition in the WTs is difficult to represent
in Fig. 1, it is fully considered in the mathematical models and cases. As
displayed in Fig. 1(a) and (b), noise interference is not permitted in the
strict control noise scenario. Therefore, the maximum noise value
generated by the WTs in the entire area S2 cannot exceed a specified
value, regardless of the amount of financial compensation.

In the optimization process of a wind farm layout, the power pro-
duction can also be optimized to a maximum, thereby satisfying the
noise requirements. The power production depends on the WT location
selection, which affects the obtained wind velocity considering the
wake effect. The locations of the WTs on a wind farm are represented by
a coordinate system (xj, yj). Thus, the total power production of this
wind farm considering the wake effect can be expressed as follows:

∑=
=

P P x y[ ( , )]total
j

N

j j j
1 (10)

The wind farm noise of WTs in a residential area acting as a noise
observation site is determined using the rotational speed, ω, of each WT
and the WT layout, (xj, yj), and this observation site is fixed according
to Eqs. (1)–(5). Based on the traditional MPPT control strategy, the
rotational speed of each WT is related to the optimal tip-speed ratio, λ,
and the wind velocity can be written as follows:

Fig. 1. Strict noise control zone as a noise observation site. (a) Slight noise
interference. (b) No noise interference.
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where the rotational speed is subjected to the rated rotational speed,
and the specific value depends on the specific WTs adopted for the
cases.

In addition, the wind velocity that arrives at a WT considering the
wake effect based on Eqs. (6) and (7) can be expressed as follows:

=v F x y( , )j j j (13)

Therefore, the noise generated by a single WT and all the WTs at one
observation point can be established, respectively, as follows:
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Therefore, if the local wind condition is obtained and L10 is chosen
as the evaluation standard, the noise of the entire wind farm depends on
the location of each WT (xj, yj), and must be limited to a certain value to
construct a more environmentally friendly wind farm. The global noise
of the wind farm evaluated by L10 can be rewritten as follows:

⩽L x y10 ( , ) Noisefarm j j max (16)

Because the observation point is evaluated as a region, rather than
as a point, the observation point coincides with the actual residential
area, e.g., an industrial area or animal sanctuary. Thus, this area is
quantized into m points, and L10farm, m is the noise value of each point
position evaluated by L10 in this area. Therefore, it is necessary to
ensure that the maximum noise value of all the points in the area sa-
tisfies the noise requirements as

⩽L x y Noisemax[ 10 ( , )]farm m j j, max (17)

This study selected 45 dB(A) as the evaluation value to determine if
a noise was excessive [7]. Therefore, the maximum noise value in this
noise strict control zone must not exceed 45 dB(A) according to the ISO
noise standard. Then, the objective can be rewritten as

∑=
⎛

⎝
⎜
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⎠
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=

P x y P x ymax[ ( , )] max ( , )total j j
j

N

i j j
1 (18)

⩽L x y dB Amax[ 10 ( , )] 45 ( )farm m j j, (19)

Additionally, the interval between any two WTs must not be less
than a certain distance for excessive turbulence.

⎜ ⎟= − ′ + ⎛
⎝

− ′⎞
⎠

− ⩾S x y x x y y d( , ) ( ) 0j j j j j j1 min
(20)

3.2. Economically compensated noise control

The strict noise control zone becomes an economically compensated
noise control zone if the owner of zone S2 is willing to accept a certain
degree of economic compensation for slight noise interference. As dis-
played in Fig. 2, the compensation can be accepted regardless of the
layout being (a) or (b), depending on the actual target requirements.
Specifically, the owner of the wind farm pays an economic benefit to
the surrounding area, and there is a trade-off between the economic
losses for noise and the more optimized choice of the wind farm layout
design. The same is true for the noise control zone, which includes a
trade-off between the obtained economic gains and the slight noise
disturbance. In fact, this outcome could be a win–win situation if both

accepted and required.
The amount of economic compensation for the wind farm noise

problem is converted into energy yields to make the optimized layout
intuitive, and the price for the energy yield is assessed by the market
electricity prices. Here, it is assumed that each 1 dB(A) of excess noise
must be compensated by up to 10,000 kWh/dB(A). It is worth noting
that this example is only an estimate provided to illustrate this method.
Depending on the level of economic development and the relevant
regulations in various regions, the actual compensation gap may be
larger, even reaching sufficiently high compensation, leading to the
abandonment of the wind farm. In addition, this value can be adjusted
based on any actual scenario.

Most of the derivations are the same as the derivation for the strict
noise control described above. Thus, the mathematical relations for the
excess noise and the amount paid for compensation can be derived as
follows:

=P L 10000 kWh/dB*( 10 - 45 dB)cps (21)

⎜ ⎟⩽ ⎛
⎝

+ ⎞
⎠

L x y
P

max[ 10 ( , )] 45
10000

dB(A)farm m j j
cps

,
(22)

Compared to the strict noise control zone, the economic compen-
sation for a noise problem is considered here. The problem is trans-
formed into a method for selecting a certain degree of economic com-
pensation under the condition that the economic compensation can be
accepted, and then for designing a wind farm layout to maximize the

Fig. 2. Economically compensated noise control. (a) Slight noise interference
permitted. (b) No noise interference.
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benefits.
Notably, if the wind power company pays excessive economic

compensation for the noise problem, the costs will be significantly in-
creased, and the power generation gain from the improved layout may
not be substantial. If WT noise is not allowed to occur in the residential
zone, energy production may be reduced because of the wake effect or
the wind condition, and optimal placement may not be obtained. Even
if the choice of the WT location around noise control zone S2 is ac-
ceptable for economic compensation, there is a problem in weighing the
cost and obtaining the compensation amounts.

The objective can be expressed as follows:

∑=
⎛

⎝
⎜ −

⎞

⎠
⎟

=

P x y P x y Pmax[ ( , )] max ( , )total j j
j

N

i j j cps
1 (23)

Similarly, the minimum distance between any two WTs remains
limited by the following:

⎜ ⎟= − ′ + ⎛
⎝

− ′⎞
⎠

− ⩾S x y x x y y d( , ) ( ) 0j j j j j j1 min
(24)

4. Methods

Considering the wake effect and the wind farm noise issue, the wind
farm layout optimizations require a substantial number of calculations,
and there are a series of constraints. In this section, the penalty function
method and the heuristic particle swarm optimization (PSO) algorithm
are introduced. Following this, the framework for the optimization
process is provided.

4.1. Penalty function

To solve the objective described above, the wind farm noise pro-
blem is transformed into a constraint. In addition, a penalty function is
used to obtain a trade-off between maximizing the power production
and minimizing the noise problem of each wind farm layout design
during the optimization process. Moreover, the constraint problem is
transformed into an unconstrained problem using the penalty function,
and thus, becomes a single-objective one. Therefore, the rule that any

noise value within zone S2 cannot exceed 45 dB(A) can be explained as
follows. The maximum noise value of this area must satisfy the fol-
lowing equation:

= − ⩾S x y L x y( , ) {45dB(A) max[ 10 ( , )] 0}j j farm m j j2 , (25)

Particularly, for noise pollution, the limitation of the wind farm
construction area and the minimum distance between any two WTs, the
penalty function is integrated into the object function to obtain a fea-
sible solution based on the two scenarios. Thus, the penalty function for
the strict noise control zone is constructed as follows:

=p x y S x y( , ) |min{0, ( , )}|j j j j1 2 (26)

In addition, the problem for strict noise control can be rewritten as
follows:

Objective P x y: max( ( , ))total j j (27)

⎧
⎨⎩

=
=

Subject
ϕ x y S x y
p x y S x y

to:
( , ) |min{0, ( , )}|
( , ) |min{0, ( , )}|

j j j j

j j j j

1

1 2 (28)

Therefore, the object function can be written as follows:

∑⎛
⎝

− + ⎞
⎠=( )P x y PF p x y ϕ x ymax ( , ) ( , ) ( , )total j j j j j

N
j j1 1 (29)

In (28), p1(xj, yj) signifies that the noise value at any position in
strict noise control zone S2 is not allowed to exceed 45 dB(A). Re-
markably, the noise value of each position is superimposed by all the
WTs of the entire wind farm. In the strict noise control zone, the penalty
term PF in (29) is assigned a considerable value to ensure the sa-
tisfaction of the no-noise interference requirement. If the penalty is not
sufficiently large, a feasible solution will not be obtained. Therefore, the
penalty must be close to infinity. Moreover, Ф (xj, yj) indicates that the
minimum distance between any two WTs must be greater than a certain
distance. Here, 4D (four times the diameter of a WT) is selected as an
evaluation distance; otherwise, the penalty will be insufficient, as in
(29).

For economically compensated noise control, Eq. (24) is used to
limit the distance between the WTs, so that the minimum value is
greater than 4D. This approach is the same as that for the strict noise

Fig. 3. Optimization framework for the whole process.
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control, and the penalty is also infinite. For the noise problem, the
market price of electricity is selected as a reference for the penalty
function. Specifically, in the case of such a cost, this part of the eco-
nomic benefit can be beneficial to the wind farm owners, and the noise
control of the wind farm can be relatively weakened. Therefore, the
wind farm can achieve high benefits while providing the other side
economic compensation, which is also common and reasonable in an
actual scenario. In addition, the penalty value for the noise issue is
chosen based on Eqs. (21) and (22). Therefore, the objective can be
rewritten as follows:

∑− +
=( )P x y p x y PF ϕ x ymax ( , ) 10000* ( , ) * ( , )total j j j j j

N
j j1 1 (30)

4.2. PSO

The PSO algorithm has been widely used in the wind farm layout
optimization problem with good performances [38,39]. Heuristic al-
gorithms including PSO and genetic algorithm have been proven sui-
table to deal with nonlinear optimization problems [40]. In [41], the
grid-like regular layout for commercial wind farms is studied, and the
authors evaluates the comparison between PSO and genetic algorithm
in multiple cases of layout optimization. It can be validated that PSO
performs better [41]. Particularly, PSO has more remarkable perfor-
mances in problems with continuous variables to find a feasible solution
[42]. Recently, a comprehensive research is implemented in [43],
which compares the advantages and disadvantages of eight algorithms
in the layout optimization problem. Though it is possible for some state-
of-the-art optimization algorithms to provide better computing effi-
ciency, it has been proven that the PSO has small differences even
compared with the best one of eight algorithms [43]. Since this paper
does not emphatically focus on a more in-depth exploration of algo-
rithms, it just applies an algorithm with a middle-to-top performance in
the layout optimization problem to deal with specified layout optimi-
zation and explore the acceptable calculation cost. So, the PSO algo-
rithm is employed for layout optimization in this paper. In order to
discuss the specific calculation time, an evolutionary version of PSO is

Fig. 4. Reference wind farm layout.

Table 1
Parameters for scenario analysis.

Item Parameter Value

10 MW DTU wind turbine Cut-in wind speed 4 m/s
Rated wind speed 11.4 m/s
Cut-out wind speed 25 m/s
Rotor diameter 178.3 m
Rated Power 10 MW

Reference wind farm size Length 12864 m
Width 10401 m

Observation point Center point (5750, 5750)
Length 500 m
Width 500 m

Fig. 5. Wind rose.
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used for comparison with regular PSO [44,45].
The PSO algorithm is a global random search algorithm based on

swarm intelligence proposed by Kennedy and Eberhart, who were
motivated by the artificial life research to simulate migration and
clustering behavior during the foraging of birds [44]. In PSO, the po-
tential solution to each optimization problem is a bird in the search
space, termed a particle. All the particles have fitness values determined

by the function being optimized, and each particle has a velocity that
determines the direction and the distance it flies.

In each iteration, the particle updates itself by tracking two ex-
tremes. The first is the optimal solution found by the particle itself, and
the solution is termed as the individual extremum solution. The other
extreme is the most current finding of the entire population. The par-
ticle updates the position by tracking the individual extrema, pbesti and

Fig. 6. Noise distribution of the entire wind farm (Unit: dBA).

Fig. 7. Noise distribution of the observation area (Unit: dBA).

Table 2
Original layout and optimized layout without considering noise.

Names Energy production (GWh) Noise evaluation (dBA) Noise exceed value (dBA)

Reference wind farm 4015.17 48.60 3.60
Optimization without considering noise 4212.01 50.69 5.69
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global extrema, gbesti. In addition, the particles update their speeds and
positions by the following formula:

= + + ∗ ∗ −v v c rand pbest x c rand gbest x* *( - ) ( )i i i i i i1 2 (31)

= +x x vi i i (32)

where c1 and c2 are typically adopted as the learning factors of the
particle. An improved PSO called intelligent augmentation of particle
swarm optimization (IA-PSO) has been proposed and proved to perform
well in optimization problems [45].

Fig. 8. Fitness values for several trials (a) IA-PSO [41]. (b) Traditional PSO [40].

Table 3
Average efficiency of algorithms for Case A.

Types Average Fitness value (GWh) Average Calculation Time (s)

Traditional PSO 4128.42 176,915
IA-PSO 4140.66 61,532
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4.3. Optimization framework

As represented in Fig. 3, after initializing the particle group of the
PSO, power production is used to evaluate the WT layout. Each particle
update indicates a new WT layout. Then, the noise value of the corre-
sponding WT is calculated, and the current wake effect is evaluated.
Based on the two types of strict noise control and economical com-
pensation, different penalty functions are constructed to obtain the
capacity of the wind farm. When a certain number of iterations is
reached, the optimized fitness value is obtained.

5. Case study

The cases are analyzed on MATLAB R2014a platform and run by a
Dell six-core computer model T7820. Two cases are implemented for

verifying the effectiveness and practicality of the method and to opti-
mize the WT siting selection for the noise problem as well as the power
production corresponding to the two scenarios. The PSO algorithm is
implemented 200 times to obtain a relatively fully optimized result for
each trial.

Designed in Germany, FINO3 is chosen as the reference wind farm
with 80 10 MW DTU WTs as the reference WTs, and the original layout
is displayed in Fig. 4 [46,47]. It should be noted that the reference wind
farm is considered an industrial standard layout of this size and will be
compared to its layout and the power production with optimized ones.
The observation area is a red square with a center of (5750, 5750) and a
side length of 500 m on the coordinate axis, which represents a small
part of a residential area, a small industrial area, or a bird sanctuary in
the wind farm. In Fig. 4, each triangle represents a WT, and the red
rectangle represents the observation area. It can also be noted that the

Fig. 9. Fitness value with iterations.

Fig. 10. Optimized layout for strict noise control.

X. Wu, et al. Applied Energy 267 (2020) 114896

10



shapes are the same in the other layouts presented below, although
different colors are used to distinguish. Parameters for scenario analysis
are given in Table 1.

The input time series wind speed and the distribution of direction
for the calculation are obtained from the Norwegian Meteorological
Institute, and the raw data were formulated into a wind rose for illus-
tration purposes (Fig. 5) [48].

To better compare with the subsequently discussed two cases cor-
responding to strict noise control and compensated noise control, the

noise distribution of the original wind farm layout based on the wind
rose is presented in Figs. 6 and 7. All the units of the noise values are dB
(A). Fig. 6 displays the noise distribution of the entire wind farm, and
Fig. 7 presents the noise distribution of the observation area. Figs. 6 and
7 indicate that the wind farm noise is not background noise. Moreover,
the wind farm noise originates from the reference WTs layout, as dis-
played in Fig. 4. The ratio of the noise map x-y coordinates, such as in
Figs. 6 and 7, and the layout map, such as in Fig. 4, is 1:100, and all the
WT positions on the wind farm are represented.

Fig. 11. Noise evaluation of the optimized layout for strict control (Unit: dBA).

Table 4
Reference wind farm and two scenarios of the optimized wind farms.

Names Energy production (GWh) Noise evaluation (dBA) Noise exceed value (dBA)

Optimization without considering noise 4212.01 50.69 5.69
Strict noise control 4140.74 44.95 0

Fig. 12. Optimized layout for Case B.
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In addition, the wind farm layout optimization is implemented
without considering the wind farm noise problems. The relevant opti-
mized results for the annual power generation for the wind farm and
noise evaluation are provided in Table 2. As displayed in Fig. 7 and
Table 2, whether before or after the layout optimization, if the noise
problem is not considered, the noise values of the observation area
exceed the specified value of 45 dB(A). Remarkably, the overall power
production is improved by 4.9% after optimization, which was also
achieved in numerous previous studies. Thus, whether for residential
areas, industrial areas, or even bird sanctuaries near any WT, noise

considerations are quite necessary.

5.1. Case A: Strict noise control zone

The simulation of Case A is run in 10 trials to obtain a better optimal
solution, and the results obtained from two algorithms, IA-PSO and the
traditional PSO, are compared in Fig. 8. For the equations and the
theories for IA-PSO refer to [45]. This method is only used here to
obtain the calculation time. Moreover, there is no change in this algo-
rithm; therefore, it is not explained in detail. Furthermore, the average
computation times of the two are listed in Table 3 to present the ap-
plicability and efficiency of the proposed method. Subsequently, the
best value of these trials is selected for the following analysis.

The strict noise control scenario is analyzed following the models
and methods proposed above. The relationship between the fitness
values and iterations is shown in Fig. 9. The optimized layout for strict
noise control is presented in Fig. 10. In addition, the noise distribution

Fig. 13. Fitness values for 10 trials (a) IA-PSO. (b) Traditional PSO.

Table 5
Average efficiency of algorithms for Case B.

Types Average Fitness value (GWh) Average Calculation Time (s)

Traditional PSO 4130.37 178,354
IA-PSO 4141.12 62,196
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of this optimized layout for strict noise control in the observation area is
described in Fig. 11. The results are provided in Table 4, where they are
compared with the optimized results without considering noise.Fig. 12.

As can be seen from Tables 2 and 4, the noise values in the ob-
servation area are significantly reduced to approximately 11.32%
compared to the reference layout or the optimized results without
considering the noise problem, and the maximum noise does not exceed
the specified value 45 dB(A). In addition, the power production has
been optimized by 3.13% compared to the reference layout. Although
the optimized result for the power production is slightly smaller (ap-
proximately 1.69%) than the result without considering noise, this
outcome is of substantial significance to constructing a more en-
vironmentally friendly wind farm and avoiding possible large fines or

even closures owing to the noise complaints. In a way, this outcome is
more important than a small decrease in the electricity generation.

In addition, the minimum distance between WTs limits the WT
positions to being evenly distributed within the preset construction
range.

5.2. Case B: Economically compensated noise control

Here, the WT noise is allowed to exceed a specified value to trigger
the economic compensated noise control and the subsequent sub-
sidizing of the owners of the wind farm area based on the amount of
excess noise. In this case, the subsidy expenditure and the wind farm
production gains are evaluated in terms of trade-offs with the goal of

Fig. 14. Fitness values with iterations.

Fig. 15. Noise evaluation of the optimized layout for economic compensated noise control (Unit: dBA).

Table 6
Reference wind farm and two scenarios of optimized wind farms.

Names Energy production (GWh) Noise evaluation (dBA) Noise exceed value (dBA)

Strict noise control 4140.72 44.95 0
Economic compensated noise control 4141.22 47.78 2.78
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generating as many benefits as possible. After the subsidies are sub-
tracted, more wind energy is produced, which increases the benefits.

The simulation of case B is also run in 10 trials to get a better op-
timal solution, and the results of two algorithms are compared in
Fig. 13. Furthermore, the average computation time of the two is given
in Table 5. Subsequently, the best value of 10 trials are selected for the
cases.

The optimized layout for this scenario is displayed in Fig. 12. The
fitness values with the iterations are depicted in Fig. 14. The noise
evaluation of the observation area is provided in Fig. 15. The total
summary is given in Table 6. Different from case A, case B is not a strict
noise control area, only a certain limited range. That is, the regional
industry owners are willing to accept a small degree of noise pollution
in return for a certain economic compensation, which should satisfy the
expectations of the industry owner and the ordinary noise regulations.

As can be noted, the overall layout and several WTs are closer to the
observation area than the optimized layout for strict noise control; this
is done to apparently better utilize the construction area of the wind
farm and to obtain better power production without too much noise
consideration. It should be noted that all the coordinate data can be
obtained using this method. As displayed in Table 4, although the noise
value exceeds the standard, the power production is increased com-
pared to case A. Although the electricity generation increase is not
notable, the compensation for noise has, in fact, already been deducted,
and it is compared with the optimized results of case A. In addition, the
power production has been optimized by 3.14% compared to the ori-
ginal reference layout. If this proposal can be accepted, it is still more or
less improved and obtains more benefits. Moreover, if the construction
area of the wind farm or the subsidy amount is changed, it is possible to
obtain better results. Additionally, the noise problem is even milder
than in the two cases in Table 2. For the case where noise is not con-
sidered, the wind farm noise is still reduced by 5.74%. This outcome is a
win–win situation for owners that are willing to accept the compensa-
tion for noise.

Remarkably, the choice of the amount of compensation for a unit of
noise will affect the optimization results and notably requires nego-
tiation in the actual process. This paper only describes a method. In
addition, the overall balance of noise pollution and the power genera-
tion is better, and both the wind farm and the owner of the observation
area can achieve mutual benefits.

The proposed method can further reduce the wind farm noise and
increase the power production in the wind farm layout design process.
The WTs have many potential noise sources including but not limited to
the gear noise, and other noise such as mechanical, tip, inflow, and
airfoil self-noise [17]. Therefore, these results also apply to all WT
noise, which can be modelled using the Hubbard noise model, including
the gearless WTs [33].

6. Conclusions

This paper proposes an approach to minimize the wind farm noise.
Two strategies are presented to match different requirements of the
wind farm designers: a strict noise control strategy and an economically
compensated control strategy. The strict noise control can reduce noise
to a minimum for the local residents. The compensated control strategy
is more flexible and allows the wind farm owners and the surrounding
properties to achieve an acceptable range of slight noise concurrently
optimizing power output. Once the strategy is selected, only the basic
characteristics of the target wind farm requires to be adjusted. The
technique can be extended to any wind farm. The cases described here
indicate that these methods have a significant effect on reducing the
wind farm noise when maintaining or increasing the power output.
Compared to the reference layout design, a strict control strategy can
reduce noise by 11% and increase power production by 3.1%. The
flexible strategy can reduce noise by 5.7% and increase power pro-
duction by 3.1%. Thus, both techniques can effectively reduce the wind

farm noise and increase the power production. As such, it is possible to
choose a strategy based on the actual conditions and specific noise
needs and obtain a benefit. Further work may take terrain impact into
account for wind farm noise distribution in the wind farm layout op-
timization.

CRediT authorship contribution statement

Xiawei Wu: Methodology, Writing - original draft, Software.
Weihao Hu: Conceptualization, Writing - review & editing. Qi Huang:
Supervision. Cong Chen: Writing - review & editing. Mark Z.
Jacobson: Supervision, Writing - review & editing. Zhe Chen:
Supervision, Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

This research was supported by the National Natural Science
Foundation of China (51707029).

References

[1] GWEC (Global Wind Energy Council) report 2018, Online: https://gwec.net/global-
wind-report-2018/; 2018.

[2] Jeffery RD, Brett Horner BA. C M A. Industrial wind turbines and adverse health
effects. Canadian J Rural Med 2014;19(1):21.

[3] Onakpoya IJ, O'Sullivan J, Thompson MJ, Heneghan CJ. The effect of wind turbine
noise on sleep and quality of life: a systematic review and meta-analysis of ob-
servational studies. Environ Int 2015;82:1–9.

[4] National Health and Medical Research Council. Evidence on Wind Farms and
Human Health. Information paper. Govern of Australia, Canberra, Australia.
Available online: https://www.nhmrc.gov.au/file/7251/download?token=
GnnLNX3g.

[5] Jalali L, Nezhad-Ahmadi MR, Gohari M, Bigelow P, McColl S. The impact of psy-
chological factors on self-reported sleep disturbance among people living in the
vicinity of wind turbines. Environ Res 2016;148:401–10.

[6] Botelho A, Arezes P, Bernardo C, Dias H, Pinto LMC. Effect of wind farm noise on
local residents’ decision to adopt mitigation measures. Int J Environ Res Public
Health 2017;14(7):753.

[7] ISO, Online: https://www.iso.org/home.html.
[8] Mosetti G, Poloni C, Diviacco B. Optimization of wind turbine positioning in large

wind farms by means of a genetic algorithm. J Wind Eng Ind Aerodyn
1994;51(1):105–16.

[9] Grady S, Hussaini M, Abdullah M. Placement of wind turbines using genetic algo-
rithms. Renew Energy 2005;30(2):259–70.

[10] Marmidis G, Lazarou S, Pyrgioti E. Optimal placement of wind turbines in a wind
park using Monte Carlo simulation. Renew Energy 2008;33(7):1455–60.

[11] Rahbari O, Vafaeipour M, Fazelpour F, Feidt M, Rosen MA. Towards realistic de-
signs of wind farm layouts: application of a novel placement selector approach.
Energy Convers Manage 2014;81:242–54.

[12] Hou Peng, Hu Weihao, Chen Cong, Soltani Mohsen, Chen Zhe. Optimization of
offshore wind farm layout in restricted zones. Energy 2016;113:487–96. https://
doi.org/10.1016/j.energy.2016.07.062.

[13] Gao X, Yang H, Lu L. Investigation into the optimal wind turbine layout patterns for
a Hong Kong offshore wind farm. Energy 2014;73:430–42.

[14] Duckworth A, Barthelmie RJ. Investigation and validation of wind turbine wake
models. Wind Eng. 2008;32(5):459–75.

[15] Jacobson MZ, Archer CL. Saturation wind power potential and its implications for
wind energy. Proc Natl Acad Sci 2012;109(39):15679–84.

[16] Hubbard HH, Shepherd KP. Aeroacoustics of large wind turbines. J Acoustic Soc Am
1991;89(6):2495–508.

[17] Oerlemans S, Fuglsang P. Low-noise wind turbine design[C]//EWEA Workshop on
Sound; 2012.

[18] Tang X, Yang Q, Wang K, Stoevesandt B, Sun Y. Optimisation of wind farm layout in
complex terrain via mixed-installation of different types of turbines. IET Renew
Power Gener 2018;12(9):1065–73.

[19] Yang K, Kwak G, Cho K, Huh J. Wind farm layout optimization for wake effect
uniformity. Energy 2019;183:983–95.

[20] González JS, Payán MB, Santos JMR. Optimal design of neighbouring offshore wind
farms: a co-evolutionary approach. Appl Energy 2018;209:140–52.

[21] Hou P, Hu W, Soltani M, Chen C, Chen Z. Combined optimization for offshore wind
turbine micro siting. Appl Energy 2017;189:271–82.

X. Wu, et al. Applied Energy 267 (2020) 114896

14

https://gwec.net/global-wind-report-2018/
https://gwec.net/global-wind-report-2018/
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0010
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0010
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0015
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0015
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0015
https://www.nhmrc.gov.au/file/7251/download%3ftoken%3dGnnLNX3g
https://www.nhmrc.gov.au/file/7251/download%3ftoken%3dGnnLNX3g
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0025
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0025
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0025
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0030
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0030
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0030
https://www.iso.org/home.html
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0040
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0040
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0040
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0045
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0045
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0050
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0050
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0055
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0055
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0055
https://doi.org/10.1016/j.energy.2016.07.062
https://doi.org/10.1016/j.energy.2016.07.062
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0065
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0065
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0070
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0070
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0075
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0075
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0080
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0080
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0090
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0090
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0090
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0095
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0095
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0100
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0100
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0105
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0105


[22] Guirguis D, Romero DA, Amon CH. Gradient-based multidisciplinary design of wind
farms with continuous-variable formulations. Appl Energy 2017;197:279–91.

[23] Tingey EB, Ning A. Trading off sound pressure level and average power production
for wind farm layout optimization. Renew Energy 2017;114:547–55.

[24] Sorkhabi SYD, Romero DA, Yan GK, Gu MD, Moran J, Morgenroth M, et al. The
impact of land use constraints in multi-objective energy-noise wind farm layout
optimization. Renew Energy 2016;85:359–70.

[25] Chen L. Wind farm layout optimization under uncertainty with landowners' fi-
nancial and noise concerns; 2013.

[26] Mittal P, Mitra K, Kulkarni K. Optimizing the number and locations of turbines in a
wind farm addressing energy-noise trade-off: a hybrid approach. Energy Convers
Manage 2017;132:147–60.

[27] Sorkhabi SYD, Romero DA, Beck JC, Amon CH. Constrained multi-objective wind
farm layout optimization: Novel constraint handling approach based on constraint
programming. Renew Energy 2018;126:341–53.

[28] Pothou KP, Voutsinas SG, Huberson S, Kuhlmann M, Rawlinson-Smith R.
Investigation of noise emissions from wind parks and their impact to the design of
parks by means of the NOISEPARK software. In: EWEC-CONFERENCE; 1999. p.
97–100.

[29] Kwong WY, Zhang PY, Romero D, Moran J, Morgenroth M, Amon C. August). Wind
farm layout optimization considering energy generation and noise propagation.
ASME 2012 international design engineering technical conferences and computers
and information in engineering conference. American Society of Mechanical
Engineers Digital Collection; 2012. p. 323–32.

[30] King EA, Pilla F, Mahon J. Assessing noise from wind farm developments in Ireland:
A consideration of critical wind speeds and turbine choice. Energy Policy
2012;41:548–60.

[31] Evans T, Cooper J. Comparison of predicted and measured wind farm noise levels
and implications for assessments of new wind farms. Acoustics Australia
2012;40(1):23. Hubbard HH, Shepherd KP. Wind turbine acoustics[R]. NASA TP-
3057, 1990.

[32] Grosveld FW. Prediction of broadband noise from horizontal axis wind turbines[J].
J. Propulsion 1985;1(4):292–9.

[33] IEC 61672-1:2013, Online: http://webstore.iec.ch/publication/5708/; 2013.
[34] Jensen NO. A Note on Wind Generator Interaction; 1983.

[35] Beaucage P, Brower M, Robinson N, Alonge C. Overview of six commercial and
research wake models for large offshore wind farms. In: Proceedings of the
European Wind Energy Associate (EWEA), vol. 18; 2012.

[36] Wei Qiao. Intelligent mechanical sensorless MPPT control for wind energy systems.
In: Power & Energy Society General Meeting IEEE; 2012.

[37] Chen K, Delarue P, Bouscayrol A, Vidal PE, Pietrzak-David M. Minimum copper loss
and power distribution control strategies of double-inverter-fed wound-rotor in-
duction machines using energetic macroscopic representation. IEEE Trans Energy
Convers 2010;25(3):642–51.

[38] Wan C, Wang J, Yang G, Gu H, Zhang X. Wind farm micro-siting by Gaussian
particle swarm optimization with local search strategy. Renew Energy
2012;48:276–86.

[39] Hou P, Hu W, Soltani M, Chen Z. Optimized placement of wind turbines in large-
scale offshore wind farm using particle swarm optimization algorithm. IEEE Trans
Sustain Energy 2015;6(4):1272–82.

[40] Zhang PY. Topics in wind farm layout optimization: analytical wake models, noise
propagation, and energy production. University of Toronto (Canada); 2013.

[41] González JS, García ÁLT, Payán MB, Santos JR, Rodríguez ÁGG. Optimal wind-
turbine micro-siting of offshore wind farms: a grid-like layout approach. Appl
Energy 2017;200:28–38.

[42] Hassan R, Cohanim B, De Weck O, Venter G. A comparison of particle swarm op-
timization and the genetic algorithm. In: 46th AIAA/ASME/ASCE/AHS/ASC
structures, structural dynamics and materials conference; 2005, April. p. 1897.

[43] Brogna R, Feng J, Sørensen JN, Shen WZ, Porté-Agel F. A new wake model and
comparison of eight algorithms for layout optimization of wind farms in complex
terrain. Appl Energy 2020;259:114189.

[44] Kennedy J, Eberhart R. Particle swarm optimization. In: Proc. IEEE Int. Conf. Neural
Networks; April 1995. p. 1942–8.

[45] Hu M, Wu T, Weir JD. An intelligent augmentation of particle swarm optimization
with multiple adaptive methods. Inf Sci 2012;213(Dec.):68e83.

[46] R&D centre Kiel University of Applied Sciences GmbH, FINO3-Research Platform in
the North Sea and the Baltic No. 3 [Online]. Available: http://www.fino3.de/en/.

[47] Bak C, Zahle F, Bitsche R, Kim T, Yde A, Henriksen LC, et al. The DTU 10-MW
reference wind turbine. In: Danish Wind Power Research 2013; 2013.

[48] http://met.no/English/, the Norwegian Meteorological Institute.

X. Wu, et al. Applied Energy 267 (2020) 114896

15

http://refhub.elsevier.com/S0306-2619(20)30408-6/h0110
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0110
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0115
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0115
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0120
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0120
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0120
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0130
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0130
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0130
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0135
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0135
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0135
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0145
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0145
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0145
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0145
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0145
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0150
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0150
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0150
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0155
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0155
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0155
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0155
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0160
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0160
http://webstore.iec.ch/publication/5708/
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0185
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0185
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0185
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0185
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0190
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0190
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0190
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0195
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0195
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0195
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0200
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0200
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0205
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0205
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0205
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0215
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0215
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0215
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0225
http://refhub.elsevier.com/S0306-2619(20)30408-6/h0225
http://www.fino3.de/en/
http://met.no/English/

	Optimizing the layout of onshore wind farms to minimize noise
	Introduction
	Wind farm model
	Wind turbine noise model
	Multiple noise sources
	Sound level
	Statistical sound level LN
	Wake velocity model
	Combination of wake
	Energy model

	Problem formulation
	Strict noise control
	Economically compensated noise control

	Methods
	Penalty function
	PSO
	Optimization framework

	Case study
	Case A: Strict noise control zone
	Case B: Economically compensated noise control

	Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References




