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Abstract: The focus on clean energy has significantly increased in recent years, emphasizing eco-
friendly sources like solar, wind, hydropower, geothermal, and biomass energy. Among these, wind
energy, utilizing the kinetic energy from the wind, is distinguished by its economic competitiveness
and environmental benefits, offering scalability and minimal operational emissions. It requires strate-
gic turbine placement within wind farms to maximize energy conversion efficiency, a complex task
involving the analysis of wind patterns, turbine spacing, and technology. This task has traditionally
been tackled by meta-heuristic algorithms, which face challenges in balancing local exploitation with
global exploration and integrating problem-specific knowledge into the search mechanism. To address
these challenges, an innovative power generation accumulation-based adaptive chaotic differential evo-
lution algorithm (ACDE) is proposed, enhancing the conventional differential evolution approach with
an adaptive chaotic local search and a wind turbine adjustment strategy based on tournament selection.
This strategy aimed to prioritize energy-efficient turbine positions and improve population diversity,
thereby overcoming the limitations of existing meta-heuristic algorithms. Comprehensive experiments
with varying wind rose configurations demonstrated ACDE’s superior performance in energy con-
version efficiency, showcasing its potential in optimizing wind turbine placement for enhanced clean
energy production. The wind farm layout optimization competition hosted by the Genetic and Evolu-
tionary Computation Conference provided a comprehensive set of complex wind farm layouts. This
dataset was utilized to further validate the performance of the algorithms. The results unequivocally
demonstrate the superiority of ACDE when tackling complex optimization problems.

Keywords: clean energy; meta-heuristic; differential evolution; artificial intelligence; wind turbine
placement; power generation accumulation; adaptive; genetic algorithms



https://www.aimspress.com/journal/era
https://dx.doi.org/10.3934/era.2024212

4660

1. Introduction

In recent years, clean energy has garnered increasing attention. Often used interchangeably with
“renewable energy”, it denotes energy sources that are eco-friendly and do not emit greenhouse gases
during their production or usage [1]. The defining feature of clean energy is its origin from natural,
renewable sources that are self-replenishing and exert minimal environmental impact. Principal forms
of clean energy encompass solar, wind, hydropower, geothermal, and biomass energy [2]. Transition-
ing to clean energy is pivotal in addressing climate change and diminishing our dependence on fossil
fuels [3]. Technological advancements are enhancing the efficiency and affordability of these energy
sources, thereby broadening their accessibility and global adoption [4]. This paradigm shift promises
not only environmental advantages but also economic and social benefits, potentially spurring job cre-
ation in emerging sectors and reducing long-term energy costs [35, 6].

Wind energy, which harnesses kinetic energy from the wind, stands out among clean energy sources
for its increasing attention and contrast to other forms such as solar, hydropower, geothermal, and
biomass energy [7]. Although more intermittent and less predictable than geothermal energy, advance-
ments in weather forecasting have improved its predictability, especially in areas with consistent wind
patterns [8]. Wind farms require more land than solar farms for the same energy output, but this space
can be used for other purposes, unlike the significant environmental and social impacts of hydropower
plants [9]. Wind turbines demand more maintenance than solar panels due to their moving parts, yet
this is often simpler than the maintenance required for biomass or hydropower plants [10].

Economically, wind energy is becoming more competitive, with rapidly decreasing costs and lower
operational expenses compared to biomass and some hydropower installations [11]. Environmentally,
it is one of the cleanest forms, with no greenhouse gas emissions during operation and minimal lifecy-
cle emissions, primarily from manufacturing and installation [12]. Wind energy, adaptable from small
turbines to large wind farms, is particularly well-suited for coastal and open plain areas, offering dif-
ferent scalability and location advantages compared to solar, hydropower, and geothermal energy [13].

The strategic placement of turbines in a wind farm is essential for maximizing the efficiency of wind
energy conversion [14]. This intricate task involves the judicious positioning of turbines to enhance
energy production while simultaneously reducing costs and environmental repercussions [15]. Man-
aging the wind flow and the wake effect is crucial [16]. The wake from each turbine can decrease the
efficiency of other turbines situated downwind, necessitating a thoughtful placement strategy to miti-
gate these effects [17]. The site’s physical attributes, such as its topography and land availability, are
pivotal in determining turbine placement, with an emphasis on harmonizing with the natural landscape
and existing ecosystems [18].

Optimizing energy yield stands as a foremost objective, demanding an analysis of wind patterns, the
spacing between turbines, and the employed technology [19]. The design process is an integration of
various disciplines, encompassing engineering, environmental considerations, and economic factors.
Frequently, this process leverages sophisticated computational models and optimization algorithms
to ascertain the most effective turbine layout, a crucial determinant of the wind farm’s operational
efficiency and its sustainable future [20]. Meta-heuristic algorithms [21, 22] have been widely used
to tackle the wind turbine placement problems [23,24]. These methods include genetic algorithms
[25,26], particle swarm optimization [27,28], differential evolution algorithms [29], spherical evolution
[30], evolutionary algorithms [31, 32], reinforcement learning [33, 34], and hybrid algorithms [35].
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However, existing meta-heuristic algorithms, which are commonly employed to address wind-
related problems, typically encounter two significant challenges: 1) achieving a balance between local
exploitation and global exploration during the search process [36-38], and 2) integrating problem-
specific knowledge into the search mechanism [39—41]. The balance between local exploitation and
global exploration is crucial in optimization algorithms, determining their effectiveness in finding op-
timal solutions [42]. Local exploitation focuses on intensively searching around promising solutions
to find local optima, whereas global exploration aims to diversely search the broader solution space
to uncover new regions [43,44]. Striking an optimal balance between these strategies prevents the
algorithm from getting trapped in local optima early on and ensures efficient exploration of the search
space [45,46]. On the other hand, incorporating problem-oriented knowledge into the search mech-
anism significantly enhances the efficiency and effectiveness of optimization algorithms by tailoring
their search strategies to the specific characteristics of the problem at hand [47]. This approach in-
volves integrating domain-specific heuristics, customizing the fitness function, seeding the initial pop-
ulation with promising solutions, and adapting search operators to exploit the structural properties of
the problem domain [48-50]. Such customization allows algorithms to quickly identify and focus on
promising areas of the search space, leading to faster convergence and the discovery of higher-quality
solutions tailored to the unique demands of the problem [51-53].

Building on the motivation outlined above, we innovatively propose a power generation
accumulation-based adaptive chaotic differential evolution algorithm (ACDE), specifically designed
for optimizing wind turbine placement. This algorithm enhances the conventional differential evolution
(DE) approach [54-57], a type of evolutionary algorithm renowned for its straightforward application
and effectiveness in tackling optimization challenges characterized by non-linearity, indeterminacy,
and multiple optima [58-61]. Our method integrates an adaptive chaotic local search into DE to boost
its ability to exploit solutions. Additionally, we introduce a novel power generation accumulation-
based tournament selection strategy. This strategy prioritizes previously selected positions with higher
wind energy generation potential for future selection, while the least effective positions in the cur-
rent generation are substituted with unplaced ones to enrich population diversity. Such enhancements
address two major hurdles faced by existing meta-heuristic algorithms. To assess ACDE’s efficacy,
we conducted comprehensive experiments involving four distinct wind rose configurations with vary-
ing layout constraints. The comparative analysis with other leading-edge methods demonstrates that
ACDE significantly surpasses its counterparts in energy conversion efficiency. The contributions of
this work are listed as following:

1) In wind farm layout optimization problems, we introduce an adaptive chaotic differential evo-
lution algorithm (ACDE) based on power generation accumulation. Convergence and stability
analyses demonstrate that ACDE exhibits high robustness, ensuring the provision of high-quality
solutions. We implement extensive experiments with five state-of-the-art algorithms to verify the
performance of ACDE, which demonstrates the superiority of ACDE.

2) To enhance the performance of ACDE, we introduce a chaotic local search and a wind turbine
adjustment strategy. The former improves the algorithm’s exploitation ability, ensuring conver-
gence, while the latter enhances population diversity, thereby improving exploration ability. Both
strategies contribute significantly to the algorithm’s effectiveness.

3) We explore the impact of parameters on the algorithm’s performance under varying wind sce-
narios, aiming to identify an optimal parameter configuration that yields high-quality solutions.
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Additionally, an ablation study validates the effectiveness of the proposed strategies.

2. Related work

The placement of wind turbines encompasses significant technical challenges, as highlighted in
[16,62]. Predicting and harnessing wind patterns accurately is complicated by varying terrain and the
wake effect, wherein turbines can disrupt each other’s airflow, leading to reduced efficiency. Optimal
turbine spacing is pivotal to maximize energy output and efficient land use, while also mitigating the
wake effect. Furthermore, the influence of terrain topography on placement decisions is profound.
Hills, valleys, and other land forms significantly affect wind flow and turbine efficiency. These aspects,
in tandem with the necessity for durable and maintainable installations, render wind turbine placement
a complex and multi-dimensional technical issue. The wake effect [63] entails a decrease in wind speed
and an increase in turbulence behind an operational turbine. This phenomenon, caused by the turbines
extracting energy from the wind, results in slower and more turbulent air downstream, adversely affect-
ing the efficiency of adjacent turbines through lower wind speeds and heightened mechanical stress.
Therefore, managing the wake effect is vital for the optimal layout and performance of wind farms.

Optimizing the configuration of wind farms (WFO) revolves around the strategic placement of wind
turbines to optimize power generation, mitigate expenses, and lessen environmental repercussions. At
the heart of WFO challenges lies a primary goal: to minimize the cost-to-power output ratio of the wind
farm. This objective necessitates fine-tuning the arrangement of turbines within the farm, denoted by Y,
and the total turbine count, represented by M. The aggregate cost of construction is determined using a
bespoke function, for instance, the one proposed by Mosetti [64], which accounts for the turbine count
and their spatial distribution. The optimization endeavor also aims to amplify the farm’s overall power
production under a variety of wind conditions, effectively boiling down to power maximization given
a constant turbine count. The power yield of each turbine is computed considering elements such as
wind velocity, orientation, and the configuration Y. The efficiency of power generation within the farm
is gauged by a conversion efficiency metric, reflecting the effectiveness of the turbine arrangement.

As aforementioned, a critical aspect in WFO is the wake effect, which describes the diminution in
wind velocity and the shift in wind trajectory behind operational turbines, leading to reduced energy
generation and accelerated degradation of turbines downstream. To quantify the wake’s velocity and
its influence on the power generation of adjacent turbines, models like the one by Jensen are employed
[63]. These models are crucial in balancing various factors to devise an efficient and productive wind
farm layout.

From a mathematical standpoint, the ambition of wind farm configuration optimization is to elevate
the wind farm’s power generation capabilities. The objective function is formulated as:

Ctotal

h = minimize (2.1)

total

where C, represents the overall construction cost, and Py, denotes the total power output under
differing wind scenarios. This task involves determining the optimal arrangement Y and the precise
count of turbines M.

For computing the construction expense, a specific equation akin to Mosetti’s is utilized, expressed
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as:

2 1
Cotal = M(5 + §e_0'00174M2) (22)

In scenarios where the turbine quantity is static, the primary goal simplifies to maximizing the
farm’s total power output under selected wind conditions &, shown as:

M
h(Y) = maximize P = Z Z p(v, )Q(v,6,Y) (2.3)

i=1 v0

Here, Q;(v, 6, Y) is the i-th turbine’s power output given wind velocity v and direction 6 in configuration
Y, with p(v, 0) being the wind velocity and direction’s probability distribution.
The farm’s power generation efficiency is evaluated through a conversion efficiency 7, i.e.,

— Ptotal
M ZV,O Qr(V, 0’ Y) : p(V, 9)

n 2.4)

Q,(v,0,7Y), disregarding wake effects, denotes the turbine’s rated power under specific wind conditions
v and 6. A superior 7 indicates a more effective turbine layout.

The wake effect, a pivotal factor, is characterized by a decline in wind velocity and directional
shifts post-turbine, which impacts the wind speed and efficiency of downstream turbines within the
same farm. To evaluate wake velocity, Jensen’s model is employed, predicting wind speed reduction
and heightened turbulence in the turbine’s wake, envisaged as a cylindrical zone extending downstream
from the turbine. This model provides insights into the wake’s velocity deficit, aiding in the estimation
of downstream turbines’ power output and the farm’s overall energy yield. Jensen’s model, despite its
simplicity, proves useful across various wind farm configurations.

Various meta-heuristic algorithms have been employed to address WFO. Among these, genetic al-
gorithms stand out as the most notable and advanced. Grady et al. [65] utilized a genetic algorithm to
enhance wind turbine placement for optimal power production, simultaneously reducing the number
of turbines and land use across three wind conditions: unidirectional uniform wind, variable-direction
uniform wind, and variable-direction non-uniform wind. This approach involved 600 individuals in
20 subpopulations, evolving through 2500 to 3000 generations to identify the best turbine configura-
tions, focusing on metrics like fitness, total power output, and efficiency. The findings present unique
insights compared to previous studies, with explanations for these variations. Yang et al. presented a
refined genetic algorithm using Boolean coding to optimize turbine layouts in a 2-km-by-2-km wind
farm, aiming for the lowest possible cost per power output under three wind scenarios. This method
proved more cost-effective than prior optimizations, displaying exceptional convergence stability and
efficiency, particularly in densely populated grid setups. Moreover, the algorithm’s versatility is em-
phasized, indicating its suitability for a wide array of engineering optimization challenges. Abdelsalam
et al. [66] proposed an optimization method for wind farm layouts using a binary real coded genetic al-
gorithm combined with local search strategies, integrating a robust single wake model for precise wake
interaction analysis. The algorithm differentiates turbine locations and power outputs, with local search
further honing the quality of solutions. Significant improvements over earlier methods were achieved
through the application of the Jensen wake model and sum of squares model for power estimation. Ju
et al. [25] critiqued the traditional genetic algorithm for its propensity to yield suboptimal solutions
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in wind farm layout optimization, owing to the limitations of its crossover and mutation stages. They
introduced two innovative algorithms, the adaptive genetic algorithm (AGA) and self-informed genetic
algorithm (SIGA), which incorporate self-adaptivity and awareness to detect and ameliorate inefficien-
cies in turbine positioning. These algorithms enhance optimization effectiveness by applying strategies
such as AGA’s random relocation and SIGA’s information-guided relocation via a multivariate adaptive
regression splines model. Lastly, Ju et al. [26] tackled the optimization of wind turbine layouts con-
sidering the wake effect, which diminishes efficiency, by proposing a novel support vector regression
guided genetic algorithm (SUGGA). This method merged the self-adjustment capabilities inherent in
natural evolution with support vector regression to optimize turbine placement, taking into account the
landowners’ willingness to lease their property for wind farms. Extensive simulations revealed this
algorithm’s superiority over conventional methods under diverse scenarios, providing valuable per-
spectives on landowner participation’s effect on wind farm efficiency and land valuation for planning
purposes. Nevertheless, these algorithms encounter challenges related to the imbalance between ex-
ploitation and exploration, along with inadequate leveraging of problem-specific knowledge in WFO.
This situation drives us to propose a more efficient and effective optimization algorithm tailored for
WFO.

3. Proposed ACDE

Researchers have significantly advanced various meta-heuristic algorithms aimed at enhancing the
power conversion efficiency of wind farms. Concurrently, they have introduced variant operators to
address the delicate balance between exploitation and exploration in WFO. The traditional DE method
is an evolutionary algorithm celebrated for its simplicity and efficiency in addressing optimization
problems marked by non-linearity, unpredictability, and the presence of multiple optimal solutions.
However, these approaches still suffer from challenges related to low convergence performance and
inadequate optimization efficiency. Hence, we propose a chaotic local search method based on the
global best individual to expedite convergence. Recognizing that this approach may diminish popu-
lation diversity, we further introduce a wind turbine adjustment strategy based on power generation
accumulation for each individual. This strategy aims to enhance population diversity while maintain-
ing convergence acceleration. It includes initialization, chaotic local search, mutation, crossover, and
selection processes.

The population P is randomly generated within a boundary limitation,

P= {XI’X27"' 7Xia"' ’XN}
Xi:{x;,x?,u-’x‘.i’-n’xp} (3'1)

4 1

st. x < xf <x,

where X; is the i-th individual in the population, xf’ is the individual information of the d-th dimension,
which is encoded into an integer-value number denoting the position of wind turbines in a wind farm. N
means the number of individuals. Notably, a wind farm is constructed as a discrete model in this study.
The wind farm is divided into several grids, and wind turbines are placed in the center of these grids.
For example, a 12 X 12 wind farm consists of 144 positions where wind turbines are placed. However,
to reduce the dimension of the problems, we employ integer encoding. In this way, the dimension of
WEFO becomes the number of wind turbines to reduce the difficulty. D denotes the dimension of the
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optimization problems. In wind farm layout optimization, it represents the number of wind turbines.
x; and x, are the lower and upper bound of the solution space, respectively.
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Figure 1. The illustration of chaotic maps.

Chaotic local search has been widely used in optimization algorithms to improve performance ow-
ing to its properties of ergodicity and randomicity [67-70]. ACDE utilizes twelve chaotic maps into
the global best individual to improve the exploration ability. It is formulated by

X' =X, + rad(x, — x;)(z; = 0.5) (3.2)

where X, is the global best individual and rad is the hyper-parameter to control the scale of the chaotic
local search. z; represents the j-th (j = 1,2,...,12) chaotic map. Building on insights from previous
research [71-74], this study utilizes twelve unique chaotic maps as potential candidates: the logistic
map, piecewise linear chaotic map, singer map, sine map, Gaussian map, tent map, Bernoulli map,
Chebyshev map, circle map, cubic map, sinusoidal map, and the iterative chaotic map with infinite
collapses. Their illustrations are shown in Figure 1. We propose a memory-based selection method for
choosing the most appropriate chaotic map to facilitate chaotic localization. To track the performance
of each chaotic map, two metrics are employed: the success count (S ;) and the failure count (F)),
which record the effectiveness of each map under selected conditions.

S:+1, if F(X) > f(X
s, =1 if f( ) S (Xy) (33)
0, otherwise

F:+1, if f(X') < f(X,)
= J ' § (3.4)
0, otherwise
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Then, the selection probability p;. of the chaotic maps is calculated depending on the counters,

Mp', = _Si +€
/ Sj + Fj
Mp' (3.5
o= J
’ Zf:1 Mp),
where € is a small number to ensure that each chaotic map has a probability of being selected to improve

diversity.

Besides, an adaptive wind turbine adjustment strategy is proposed to improve the exploitation ability
of the algorithm for wind farm layout optimization. It adaptively adjusts the position of wind turbines
to improve the power generation. It utilizes the population information to maintain a set of promising
positions. Then, a tournament selection is used to choose an unplaced position and move the wind
turbine with the worst power generation into it.

X"t = tour(L,) (3.6)

where tour(-) is the tournament selection. 10%RL + N positions of a wind farm are chosen randomly
to join the tournament, where the winner of the position with the best power generation replaces the
worst one. L, saves the potential of power generation of all of the position by population information.
It accumulates the power generation of all positions,

Lu: {PGI,P627H' 7PGi7H' ’PGRL}

PG, = PG; + g(xj?), if xj.’ == (3.7)
PG, otherwise

where PG; represents the power generation accumulation of the i-th position in the wind farm. When
the i-th position is used to place a wind turbine, the power generation of the wind turbine is added to
PG,;. g(xj?) calculates the power generation of the d-th wind turbine in the i-th individual. RL is the
maximum scale of the wind farm. It is set to 12 X 12 = 144 in this study.

The DE/current-to-best mutation operation is used to mutate the individuals,

Vi=Xi+ Fi(X' - X)) + Fi(X,1 — X,0) (3.8)

where X’ is the best individual in the population after the chaotic search, and X,; and X, are randomly
chosen individuals from the population. F; is the scale factor for the i-th individual. The crossover
operation is described as follows:

d {vl‘.’, ifr<CR;ord=d, (3.9)

x4, otherwise
where r is a random number in the interval (0, 1). CR; is the crossover rate of the i-th individual and

d, is the random dimension to ensure the execution of the crossover operation. Finally, the selection
operation selects the better individuals for the next generation,

Xl_:{Ui, if (U > fX) .10
X;, otherwise
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Furthermore, F' and CR are two vital parameters to balance the exploration and exploitation. An
adaptive parameter is implemented to update them,

F; = randc(ur,0.1)

(3.11)
UF = (1 - C) ‘MFt+C- meanL(Sp)
where randc(-) means the Cauchy distribution. ur is the mean of the Cauchy distribution, which is
initialized to be 0.5. ¢ is a constant within (0, 1), and S r records all of the successful scale factors.
meany (-) is the Lehmer mean. Similarly, the crossover rate is updated as follows:

CR,' = randn(pCR, 01)

(3.12)
pcr = (1 —¢) - pcr + ¢ - mean(S cr)

where randn(-) means the normal distribution. pucg is the mean of the normal distribution, which is
initialized to be 0.5. S g records all of the successful crossover rates. The pseudo-code of ACDE
is shown in Algorithm 1. Initially, the population is randomly generated and encoded using integer
coding. Subsequently, J chaotic maps are created for a chaotic search. Following this, the chaotic
search operation is applied to enhance the quality of the best individual. Simultaneously, success and
failure memory are computed to guide the selection of chaotic maps for the next iteration. Afterward,
a wind turbine adjustment strategy is implemented for all individuals to enhance population diver-
sity. Finally, conventional DE operators, including mutation, crossover, and selection, are executed to
generate offspring.

Algorithm 1: The pseudo-code of ACDE.
Input : Population size N = 120, iter = 0, MaxlIter = 200
1 fori=1:Ndo
Randomly initializing population P.
Evaluating each individual of population f(X;) by Eq (2.4).
end
Selecting the best individual X, from P.
Generating chaotic maps Z = {z1, 22, ..., 2y}
while iter < MaxlIter do
Chaotic Local Search for X, by Eq (3.2).
Updating the success rate of chaotic maps by Eqs (3.3)-(3.5).
for i=1:N do
Using the wind turbine adjustment strategy to update individuals by Eqs (3.6)—(3.7).
Mutation and crossover operations of individuals by Eqs (3.8) and (3.9).
Updation of F and CR by Eqgs (3.11) and (3.12).
end
end
Output: Y, 1, Pyl

o e N N Ut AW N

—
W N = o

—_— e
L7 B N
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4. Experimental results and discussions

To evaluate the effectiveness of ACDE, we carried out extensive testing across four different wind
rose patterns, each with its own set of layout restrictions. Figure 2 shows four wind rose diagrams,
each representing different wind scenarios. A wind rose is a graphical tool used to display the dis-
tribution of wind speeds and directions. Wind scenario 1 displays a dominant wind direction from
approximately 225 degrees, with a narrow range of wind speeds around 5 m/s. Wind scenario 2 shows
a broader distribution of wind coming from two main directions, around 225 and 270 degrees, with
wind speeds varying from around 5 to over 13 m/s. Wind scenario 3 illustrates wind coming from mul-
tiple directions, predominantly from 90 and 135 degrees, with variable wind speeds, mostly between 5
and 9 m/s. Wind scenario 4 depicts a very varied wind profile with many directions involved, mainly
from 135, 180, and 225 degrees, with wind speeds ranging widely from 4 to 15 m/s. The color scale
on the right indicates wind speed in meters per second, with darker tones representing higher speeds.
Each “petal” of the wind rose represents the frequency of the wind coming from that direction at that
speed, with longer petals indicating a higher frequency of winds from that direction at the specified
speed. Five state-of-the-art algorithms are used as performance comparison, including a comprehen-
sive learning particle swarm optimizer (CLPSO) [75], AGA [25], SUGGA [26], a gravitational search
algorithm with hierarchy and distributed framework (HGSA) [76], and the invasive weed optimiza-
tion (IWO) [77]. For a pair comparison, the population size and maximum iteration number of all
algorithms are set to 120 and 200, respectively. The detailed parameters are shown in Table 1. Other
parameters of other algorithms are set according to its paper.

Wind Scenario 1 Wind Scenario 2
0

Wind Scenario 3 Wind Scenario 4
0°

Wind speed m/s

Figure 2. The wind rose illustrations for wind scenarios 1-4.
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Table 1. The parameter setup of the algorithms.

Algorithm Parameters

ACDE sf=05,cr=05m;=5,¢c=0.1,p=0.05

AGA p.=02,p.=06,p, =0.1,p, =0.5

SUGGA p.=02,p.=06,p, =0.1,p, =0.5

CLPSO c1 =cp =1.496,gap,, =7

IWO Smin = 2, Smax = 5,6,’,1,'; = 0-5’6final =0.001

HGSA Go = 100, L = 100, w;(t) = 1 — 5/T°, wo(t) = 1%/ T°

Table 2. The experimental results of all algorithms.

Turbine AGA SUGGA CLPSO HGSA IWO ACDE
Wind scenario 1
15 99.35(0.24) 99.54(0.20) 97.97(0.38) 97.93(0.45) 98.67(0.33) 99.66(0.18)
Average 20 97.07(0.36) 97.49(0.36) 94.43(0.45) 94.56(0.56) 95.42(0.41) 97.71(0.34)
30 94.49(0.37) 94.99(0.40) 91.16(0.51) 91.08(0.60) 91.98(0.48) 95.25(0.37)

p-value 2.73E-08 4.70E-04 2.73E-04 2.73E-04 2.73E-04 -
Wind scenario 2

15 97.97(0.28) 98.16(0.27) 96.39(0.37) 96.88(0.38) 96.17(0.36) 98.30(0.24)
Average 20 95.49(0.35) 95.54(0.34) 92.98(0.37) 93.76(0.39) 93.01(0.33) 96.03(0.29)
30 92.77(0.35) 92.74(0.36) 89.80(0.38) 90.68(0.38) 89.90(0.36) 93.49(0.28)

p-value 2.73E-04 2.95E-04 2.73E-04 2.73E-04 2.73E-04 -
Wind scenario 3

15 98.01(0.24) 98.39(0.22) 96.58(0.36) 96.56(0.39) 97.11(0.30) 98.48(0.22)
Average 20 95.79(0.32) 96.40(0.37) 93.34(0.43) 93.03(0.49) 93.89(0.36) 96.55(0.31)
30 93.37(0.38) 94.06(0.40) 90.07(0.57) 89.37(0.58) 90.42(0.46) 94.21(0.36)

p-value 2.73E-04 5.09E-04 2.73E-04 2.73E-04 2.73E-04 -
Wind scenario 4

15 95.82(0.24) 95.75(0.26) 94.43(0.33) 94.79(0.27) 94.24(0.23) 96.05(0.23)
Average 20 92.85(0.27) 92.76(0.28) 91.02(0.31) 91.28(0.27) 90.99(0.23) 93.24(0.23)
30 89.93(0.25) 89.85(0.29) 87.72(0.29) 87.98(0.29) 87.80(0.23) 90.33(0.19)

p-value 2.63E-04 3.19E-04 2.73E-04 2.73E-04 2.73E-04 -

Table 2 summarizes all of the results under different wind scenarios and wind turbine numbers. It
reports the average results of various constraints and the Wilcoxon test. The optimal results in each
category are also emphasized in bold. The detailed experimental results are shown in the Supplemen-
tary File. Table S.I presents the experimental outcomes for various algorithms applied to wind scenario
1. The results for each algorithm are organized into rows labeled LO to L12, which are further grouped
into three categories based on turbine counts: 15, 20, and 25. The performance of the algorithms is
evaluated against a spectrum of constraints, marked from LO to L12, where LO represents an uncon-
strained scenario. The constraints are illustrated in Figure 3. Each table entry includes two numbers:
the energy conversion efficiency and its corresponding standard deviation. This table aggregates the
average efficiencies for each turbine group and algorithm, along with the p-values from the Wilcoxon
signed-rank test, to ascertain statistical significance. The table demonstrates that the proposed ACDE
algorithm surpasses its counterparts in 38 out of 39 cases, except for the scenario with 25 turbines under
the L12 constraint. Moreover, the Wilcoxon signed-rank test, uniformly applied across all experiments
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with a significance level of 0.05, confirms that the ACDE algorithm significantly outperforms the rival
algorithms in wind scenario 1.
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Figure 3. The illustration of the constraints.

Table S.II shows the experimental results of different algorithms on wind scenario 2. For instance,
with 15 turbines, the ACDE algorithm shows the highest average efficiency at 98.30% (+0.24). This
pattern of ACDE outperforming the other algorithms continues across the 20 and 25 turbine scenarios
with average efficiencies of 96.03% (+0.29) and 93.49% (+0.28), respectively. The table also includes
the p-values from the Wilcoxon signed-rank test, which are identical across all algorithms and sce-
narios (1.22E-04), suggesting a high level of statistical significance for the differences observed. In
summary, Table S.II indicates that the ACDE algorithm consistently achieves higher efficiency com-
pared to the other algorithms across all levels of constraints and turbine counts in wind scenario 2.

Table S.III details the experimental results of different algorithms on wind scenario 3. It is formatted
similarly to the previous table and includes results for turbine counts of 15, 20, and 25. The best results
within each constraint level are highlighted in bold. The ACDE algorithm consistently shows superior
performance in most cases, with the highest average efficiencies for 15 turbines (98.48% + 0.22), 20
turbines (96.55% + 0.31), and 25 turbines (94.21% + 0.36). The table also presents p-values from the
Wilcoxon signed-rank test for each turbine group, indicating the statistical significance of the results.
The p-values for 15 and 20 turbines are consistent across all algorithms (1.22E-04), implying highly
significant results. The proposed ACDE algorithm surpasses its counterparts in 31 out of 39 cases on
wind scenario 3. However, for the 25 turbine group, the p-value for the ACDE algorithm is notably
different (2.87E-02), which is still below the threshold of 0.05 for statistical significance, suggesting
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that the differences in performance are statistically significant. Overall, Table 3 demonstrates that
the ACDE algorithm outperforms the other algorithms in wind scenario 3 across various levels of
constraints and turbine counts.

Table S.IV shows the experimental results of various algorithms tested in wind scenario 4. The
best results are highlighted in bold, indicating the highest efficiency achieved for each row. For the
15 turbine group, the ACDE algorithm shows the highest average efficiency (96.05% + 0.23). In the
20 turbine group, ACDE again has the highest average efficiency (93.24% =+ 0.23). For the 25 turbine
group, ACDE maintains the lead with an average efficiency of 90.33% =+ 0.19. All algorithms share
the same p-values from the Wilcoxon signed-rank test for each turbine group (1.22E-04), suggesting
strong statistical significance in the performance differences. In summary, Table S.IV demonstrates
that the ACDE algorithm consistently outperforms the other algorithms in wind scenario 4, across all
levels of constraints and turbine counts, with statistical significance.

Figure 4 gives the convergence plots to observe the search dynamics. The convergence plots of
other wind scenarios are given in the Supplementary File. These figures contain three line graphs that
constitute a convergence plot, comparing the performance of six algorithms—SUGGA, AGA, CLPSO,
HGSA, IWO, and ACDE—across three different numbers of wind turbines: 15, 20, and 25. Each graph
represents the convergence trend of the algorithms over a specified number of iterations, which are in-
dicated on the x-axis, ranging from O to 200. The y-axis represents the conversion efficiency, with
scales adjusted to fit the performance range for each turbine scenario. Figure 4 is illuminating to ex-
press the search dynamics. In the 15 turbine graph, all algorithms show a rapid increase in efficiency,
reaching near or above 0.995 efficiency, with ACDE appearing to converge the fastest and reaching the
highest efficiency. For 20 turbines, the convergence lines spread out more, with efficiencies ranging
from around 0.94 to just below 0.98. ACDE again shows a quick convergence to the highest efficiency
level. The 25 turbine graph displays the greatest diversity in performance, with efficiencies starting
from just below 0.91 and reaching up to approximately 0.96. ACDE continues to demonstrate a rapid
convergence, though with a slightly lower efficiency compared to the 15 and 20 turbine scenarios.
Each algorithm’s performance is marked by distinct symbols and line styles for easy identification.
The trend lines indicate that while all algorithms improve their conversion efficiency as the number of
function evaluations increases, ACDE consistently leads in convergence speed and efficiency across all
three turbine counts. It is worth noting that the convergence trajectory of ACDE exhibits a distinctive
ladder pattern, indicating its ability to effectively balance exploration and exploitation. When ACDE
is trapped in local optima, the wind turbine adjustment strategy can enhance population diversity, fa-
cilitating exploration of promising regions. In contrast, other algorithms typically demonstrate inferior
exploration capabilities compared to ACDE. Consequently, ACDE is better equipped to provide supe-
rior solutions.

To give more insights into the obtained results, Figure 5 illustrates the solution distributions. The
box-and-whisker plots of other wind scenarios are given in the Supplementary File. The figure is a
set of box-and-whisker plots illustrating the conversion efficiency of various algorithms across three
different wind turbine scenarios: 15 turbines, 20 turbines, and 25 turbines. For each algorithm, the
box represents the interquartile range (IQR), which contains the middle 50% of the data. The hor-
izontal line inside the box marks the median of the data. The whiskers extend from the box to the
highest and lowest values, excluding outliers. Outliers are marked with red plus signs and lie outside
the range of the whiskers. The 15 turbine plot shows relatively tight clustering for all of the algo-
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rithms, with medians around 0.99, indicating high efficiency. The ACDE algorithm shows a higher
median efficiency and a smaller IQR, suggesting more consistent performance. In the 20 turbine plot,
the medians slightly decrease as expected with increased complexity, but ACDE maintains a higher
median compared to other algorithms and shows fewer outliers. For the 25 turbine plot, the efficiency
medians drop further, reflecting the increased challenge with more turbines. The ACDE demonstrates
not only the highest median efficiency but also greater variance, as evidenced by the longer whiskers
and presence of outliers. Overall, the ACDE algorithm appears to exhibit superior and more consistent
conversion efficiency across all scenarios. Particularly, in the 25 turbine scenario, it shows the most
variability among all of the algorithms, which implies that ACDE has the ability of addressing complex
problems.
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Figure 4. The convergence plot on wind scenario 2.
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Additionally, Figures S.VII-S.IX give final wind farm layouts. The figure presents six grid lay-
outs representing wind farm configurations under wind scenario 1 to 4, respectively, for all compared
algorithms. Each grid layout is composed of numbered squares that represent individual turbine po-
sitions within the wind farm. The squares are color-coded with different symbols to possibly indicate
the efficiency or another specific characteristic related to each turbine’s placement. The configurations
are unique for each algorithm, suggesting that each algorithm optimizes the wind farm layout differ-
ently. Beneath each grid layout, the efficiency value (77) is provided, which corresponds to the overall
efficiency of the wind farm layout as determined by the respective algorithm. These values suggest
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that the ACDE algorithm achieves the highest overall efficiency for the wind farm layout in all wind
scenarios.
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Figure 6. The wind farm layout plot under wind scenario 2.

More discussions are given regarding the parameter sensitivity and ablation study. First, Table 3
discusses the effect of rad (€ {0.01,0.05,0.1,0.5}) in Eq (3.2), which is a hyper-parameter to control
the scale of the chaotic local search. Table 3 shows the results of a parameter sensitivity analysis for
different wind turbine scenarios, labeled WS1 (wind scenario 1) through WS4 (wind scenario 4). The
table is divided into multiple columns, each representing a different set of parameter values (rad =
0.01, rad = 0.03, etc.). Within each parameter setting, there are multiple sub-columns for each of
the wind scenarios (WS1-WS4), with each wind scenario further broken down into results for various
constraint levels, labeled from L1 to L12. At the bottom of the table, the row “Total” sums up the
overall performance or count for each set of parameters across all wind scenarios, which indicates that
when rad is set to 0.5, ACDE has better performance than the others. To further assess the effect of
the proposed novel power generation accumulation-based tournament selection method, an ablation
study is performed. Table 4 lists the impact of selection on an adaptive replacement strategy. ACDE-R
means a variant of using random selection. From this table, it is clearly observed that the tournament
selection is significantly better than it.

The genetic and evolutionary computation conference (GECCO) hosts a wind farm layout opti-
mization competition [78], featuring five intricate wind scenarios. The competition imposes a limit of
10,000 evaluations for all five scenarios. It is important to note that AGA and SUGGA are deemed
unsuitable for this competition, as they are optimized for different modeling patterns. Consequently,
they have been excluded from this comparison. In their place, a binary GA has been adopted, as rec-
ommended by the GECCO competition, to evaluate the performance of the algorithms. The objective
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function for competitors is to minimize the cost of energy.

(cn + ¢y [%J) + coun 1 0.1
ST A-U-n7)  860P T m @

where ¢, is the turbine cost, and c; is the price of a substation. m and n are the number of turbines per
substation and the layout r and y are the interest rate and the farm lifetime, respectively. coy 1s the
operation and maintenance costs, and P is the power generation.

Table 3. The experimental results of the parameter discussion.

Parameter | rad =0.01 rad =0.05 rad =0.1 rad = 0.5 rad =0.01 rad =0.05 rad=0.1 rad = 0.5 rad =0.01 rad =0.05 rad =0.1 rad = 0.5
Turbine 15 20 25
LO | 99.76(0.17) 99.69(0.18) 99.69(0.17) 99.71(0.17) | 97.79(0.26) 97.86(0.37) 97.81(0.35) 97.91(0.35) | 95.58(0.39) 95.59(0.39) 95.55(0.44) 95.54(0.34)
L1 |99.67(0.16) 99.69(0.17) 99.65(0.23) 99.70(0.19) | 97.49(0.40) 97.50(0.34) 97.47(0.40) 97.49(0.43) | 94.71(0.40) 94.71(0.36) 94.74(0.41) 94.58(0.37)
L2 |99.80(0.12) 99.79(0.15) 99.80(0.12) 99.78(0.16) | 98.14(0.28) 98.17(0.34) 98.16(0.34) 98.22(0.29) | 96.03(0.33) 95.97(0.29) 96.09(0.28) 96.08(0.34)
L3 |99.21(0.20) 99.31(0.24) 99.35(0.24) 99.33(0.26) | 97.08(0.32) 97.01(0.43) 97.07(0.36) 96.99(0.34) | 94.43(0.46) 94.39(0.37) 94.44(0.42) 94.34(0.35)
L4 |99.77(0.21) 99.80(0.15) 99.79(0.16) 99.73(0.18) | 97.87(0.31) 97.90(0.34) 97.91(0.35) 97.95(0.34) | 95.50(0.33) 95.40(0.41) 95.47(0.39) 95.39(0.37)
L5 |99.72(0.14) 99.72(0.16) 99.70(0.15) 99.69(0.15) | 98.01(0.27) 98.01(0.24) 98.01(0.32) 98.03(0.23) | 95.83(0.29) 95.92(0.29) 95.90(0.31) 95.99(0.36)
WS1 L6 |99.51(0.29) 99.51(0.23) 99.56(0.22) 99.60(0.27) | 97.32(0.32) 97.19(0.34) 97.23(0.37) 97.25(0.37) | 94.60(0.43) 94.45(0.38) 94.61(0.40) 94.62(0.43)
L7 |99.60(0.19) 99.69(0.18) 99.67(0.18) 99.68(0.19) | 97.74(0.36) 97.68(0.35) 97.72(0.46) 97.67(0.36) | 95.08(0.36) 95.03(0.39) 95.08(0.39) 95.07(0.35)
L8 |99.79(0.14) 99.77(0.18) 99.77(0.19) 99.80(0.15) | 98.07(0.35) 98.10(0.30) 97.96(0.36) 98.04(0.33) | 95.77(0.35) 95.91(0.36) 95.80(0.40) 95.85(0.41)
L9 |99.59(0.20) 99.60(0.21) 99.58(0.22) 99.55(0.18) | 97.50(0.25) 97.60(0.36) 97.58(0.38) 97.51(0.30) | 94.99(0.42) 95.08(0.36) 95.05(0.36) 95.10(0.48)
L10 | 99.73(0.19) 99.71(0.18) 99.72(0.19) 99.71(0.15) | 97.90(0.37) 98.03(0.47) 97.86(0.31) 97.94(0.41) | 95.65(0.42) 95.56(0.40) 95.66(0.39) 95.52(0.34)
L11|99.70(0.18) 99.74(0.15) 99.73(0.14) 99.75(0.16) | 97.93(0.29) 98.02(0.32) 97.90(0.36) 97.94(0.24) | 95.66(0.43) 95.77(0.32) 95.73(0.32) 95.75(0.41)
L12 | 99.56(0.19) 99.53(0.20) 99.54(0.20) 99.58(0.19) | 97.23(0.38) 97.29(0.33) 97.32(0.42) 97.34(0.38) | 94.39(0.35) 94.49(0.47) 94.56(0.40) 94.43(0.33)
p-value 2.71E-01 3.18E-01 3.18E-01 - 1.88E-01 7.06E-01 1.08E-01 - 5.00E-01 6.32E-01 8.63E-01 -
LO | 98.45(0.29) 98.46(0.28) 98.45(0.26) 98.41(0.23) | 96.26(0.28) 96.22(0.23) 96.23(0.30) 96.31(0.29) | 93.95(0.32) 93.94(0.30) 93.85(0.25) 93.84(0.27)
L1 |98.02(0.25) 98.09(0.29) 98.07(0.28) 98.10(0.30) | 95.55(0.35) 95.57(0.28) 95.60(0.31) 95.61(0.24) | 92.90(0.33) 92.81(0.26) 92.86(0.28) 92.80(0.30)
L2 | 98.46(0.21) 98.50(0.22) 98.52(0.21) 98.50(0.24) | 96.41(0.21) 96.38(0.22) 96.40(0.26) 96.51(0.33) | 94.01(0.23) 93.89(0.23) 94.00(0.29) 94.02(0.28)
L3 |98.07(0.28) 98.02(0.33) 98.04(0.24) 98.02(0.26) | 95.58(0.32) 95.51(0.31) 95.55(0.31) 95.50(0.35) | 92.71(0.25) 92.74(0.29) 92.70(0.29) 92.72(0.29)
L4 | 98.56(0.21) 98.52(0.24) 98.58(0.22) 98.55(0.21) | 96.51(0.22) 96.52(0.26) 96.53(0.29) 96.50(0.28) | 94.04(0.32) 94.10(0.26) 94.12(0.27) 94.07(0.32)
L5 | 98.47(0.19) 98.47(0.19) 98.46(0.21) 98.48(0.24) | 96.44(0.26) 96.37(0.27) 96.47(0.30) 96.37(0.33) | 94.11(0.28) 94.07(0.26) 94.09(0.22) 94.09(0.25)
WS2 L6 | 97.77(0.26) 97.69(0.25) 97.74(0.26) 97.78(0.30) | 95.16(0.26) 95.15(0.25) 95.15(0.33) 95.21(0.30) | 92.39(0.32) 92.49(0.37) 92.41(0.30) 92.43(0.29)
L7 |98.25(0.22) 98.30(0.31) 98.28(0.27) 98.26(0.25) | 95.92(0.23) 95.96(0.31) 95.93(0.28) 95.90(0.26) | 93.30(0.26) 93.31(0.30) 93.35(0.22) 93.37(0.32)
L8 | 98.49(0.24) 98.48(0.21) 98.48(0.22) 98.52(0.21) | 96.41(0.28) 96.43(0.29) 96.34(0.25) 96.33(0.24) | 93.94(0.28) 93.96(0.30) 93.95(0.32) 94.00(0.29)
L9 | 98.20(0.28) 98.24(0.20) 98.28(0.23) 98.24(0.20) | 95.95(0.32) 95.88(0.29) 95.92(0.34) 95.86(0.28) | 93.31(0.27) 93.35(0.35) 93.35(0.28) 93.30(0.24)
L10 | 98.48(0.21) 98.41(0.26) 98.43(0.28) 98.45(0.18) | 96.36(0.29) 96.35(0.23) 96.31(0.25) 96.30(0.30) | 94.00(0.40) 93.94(0.31) 93.98(0.33) 93.95(0.26)
L11 | 98.47(0.25) 98.45(0.21) 98.52(0.30) 98.44(0.22) | 96.32(0.26) 96.44(0.29) 96.36(0.30) 96.33(0.28) | 93.93(0.26) 93.92(0.24) 93.93(0.25) 93.96(0.30)
L12 | 98.11(0.30) 98.08(0.28) 98.05(0.26) 98.11(0.30) | 95.57(0.32) 95.61(0.33) 95.65(0.35) 95.62(0.27) | 92.82(0.34) 92.92(0.34) 92.82(0.29) 92.88(0.30)
p-value 3.42E-01 2.27E-01 5.80E-01 - 7.29E-01 6.32E-01 7.73E-01 - 3.68E-01 6.07E-01 4.20E-01 -
LO |98.62(0.22) 98.65(0.20) 98.67(0.24) 98.66(0.23) | 96.77(0.31) 96.94(0.36) 96.71(0.32) 96.97(0.38) | 94.69(0.49) 94.67(0.42) 94.70(0.36) 94.55(0.38)
L1 |98.19(0.22) 98.14(0.24) 98.17(0.25) 98.17(0.21) | 96.01(0.31) 96.02(0.32) 96.07(0.31) 96.07(0.35) | 93.58(0.34) 93.60(0.38) 93.56(0.28) 93.65(0.33)
L2 |99.01(0.15) 98.94(0.17) 98.96(0.17) 99.01(0.18) | 97.39(0.28) 97.46(0.29) 97.35(0.25) 97.47(0.24) | 95.41(0.43) 95.37(0.34) 95.29(0.25) 95.21(0.27)
L3 |98.22(0.26) 98.30(0.26) 98.22(0.27) 98.22(0.30) | 96.00(0.35) 95.97(0.36) 96.06(0.32) 95.98(0.45) | 93.37(0.39) 93.37(0.43) 93.39(0.52) 93.42(0.41)
L4 |98.23(0.19) 98.26(0.21) 98.19(0.23) 98.20(0.20) | 96.17(0.30) 96.02(0.24) 96.10(0.28) 96.14(0.32) | 93.70(0.31) 93.69(0.35) 93.67(0.37) 93.64(0.30)
L5 |98.99(0.14) 99.00(0.14) 98.97(0.14) 98.99(0.14) | 97.47(0.28) 97.46(0.29) 97.53(0.30) 97.45(0.23) | 95.34(0.33) 95.29(0.31) 95.23(0.31) 95.31(0.32)
WS3 L6 | 98.05(0.25) 98.04(0.23) 98.04(0.19) 98.02(0.23) | 95.76(0.31) 95.76(0.36) 95.74(0.34) 95.66(0.28) | 93.24(0.39) 93.27(0.30) 93.28(0.40) 93.24(0.31)
L7 |98.48(0.22) 98.49(0.20) 98.45(0.24) 98.37(0.24) | 96.53(0.29) 96.55(0.34) 96.58(0.39) 96.42(0.34) | 94.28(0.42) 94.14(0.32) 94.10(0.36) 94.17(0.36)
L8 |98.82(0.22) 98.80(0.24) 98.79(0.20) 98.78(0.20) | 97.08(0.30) 97.08(0.36) 97.11(0.31) 97.12(0.29) | 94.95(0.26) 95.00(0.44) 95.03(0.47) 95.10(0.36)
L9 | 98.44(0.31) 98.46(0.24) 98.47(0.20) 98.46(0.24) | 96.41(0.34) 96.46(0.43) 96.48(0.37) 96.48(0.34) | 93.97(0.40) 94.10(0.46) 94.09(0.35) 94.19(0.37)
L10 | 98.43(0.18) 98.46(0.23) 98.42(0.22) 98.52(0.26) | 96.58(0.32) 96.52(0.39) 96.45(0.28) 96.53(0.26) | 94.31(0.42) 94.24(0.31) 94.23(0.30) 94.27(0.45)
L11 | 98.83(0.18) 98.85(0.20) 98.81(0.20) 98.80(0.19) | 97.12(0.28) 97.13(0.29) 97.27(0.32) 97.10(0.31) | 94.95(0.41) 94.97(0.37) 94.95(0.39) 94.96(0.38)
L12 | 98.04(0.23) 98.05(0.22) 98.12(0.27) 98.06(0.24) | 95.74(0.35) 95.69(0.26) 95.67(0.29) 95.71(0.30) | 93.03(0.33) 92.98(0.28) 93.00(0.28) 93.01(0.43)
p-value 7.06E-01 8.30E-01 6.82E-01 - 5.00E-01 2.07E-01 6.32E-01 - 6.32E-01 3.42E-01 1.70E-01 -
LO | 96.36(0.25) 96.34(0.24) 96.35(0.17) 96.33(0.20) | 93.76(0.27) 93.74(0.24) 93.70(0.23) 93.68(0.19) | 90.92(0.19) 90.97(0.23) 90.91(0.21) 90.96(0.19)
L1 | 95.54(0.20) 95.52(0.23) 95.59(0.28) 95.54(0.22) | 92.48(0.22) 92.40(0.21) 92.48(0.24) 92.47(0.22) | 89.36(0.16) 89.41(0.21) 89.40(0.17) 89.37(0.19)
L2 ]96.35(0.22) 96.32(0.22) 96.32(0.19) 96.29(0.21) | 93.56(0.20) 93.50(0.21) 93.53(0.19) 93.59(0.25) | 90.69(0.17) 90.69(0.15) 90.66(0.19) 90.72(0.20)
L3 | 95.53(0.22) 95.53(0.25) 95.59(0.26) 95.53(0.20) | 92.46(0.24) 92.55(0.29) 92.46(0.21) 92.50(0.25) | 89.39(0.19) 89.40(0.22) 89.45(0.23) 89.44(0.20)
L4 | 96.24(0.18) 96.30(0.20) 96.27(0.23) 96.29(0.21) | 93.53(0.17) 93.62(0.21) 93.60(0.21) 93.61(0.19) | 90.83(0.20) 90.79(0.16) 90.85(0.19) 90.88(0.16)
L5 |96.41(0.19) 96.37(0.19) 96.34(0.21) 96.42(0.30) | 93.66(0.21) 93.67(0.21) 93.72(0.18) 93.74(0.23) | 90.97(0.18) 90.98(0.22) 91.00(0.21) 91.00(0.20)
WS4 L6 | 9548(0.24) 95.50(0.26) 95.46(0.21) 95.44(0.22) | 92.19(0.21) 92.17(0.20) 92.16(0.25) 92.15(0.20) | 88.87(0.23) 88.88(0.19) 88.87(0.21) 88.86(0.23)
L7 |95.97(0.27) 95.95(0.20) 95.97(0.19) 95.97(0.22) | 93.14(0.23) 93.16(0.28) 93.14(0.23) 93.22(0.29) | 90.26(0.23) 90.26(0.22) 90.22(0.21) 90.23(0.19)
L8 |96.33(0.20) 96.38(0.25) 96.34(0.26) 96.32(0.26) | 93.66(0.25) 93.63(0.21) 93.73(0.23) 93.64(0.21) | 90.92(0.23) 90.93(0.22) 90.88(0.21) 90.94(0.17)
L9 |95.97(0.23) 95.96(0.25) 96.05(0.21) 95.93(0.22) | 93.13(0.22) 93.16(0.22) 93.06(0.20) 93.07(0.26) | 90.22(0.20) 90.21(0.20) 90.19(0.21) 90.20(0.20)
L10 | 96.37(0.25) 96.37(0.24) 96.41(0.21) 96.35(0.24) | 93.68(0.23) 93.68(0.22) 93.70(0.23) 93.75(0.27) | 90.94(0.25) 90.95(0.19) 90.89(0.19) 90.98(0.19)
L11|96.36(0.18) 96.38(0.23) 96.38(0.21) 96.34(0.22) | 93.70(0.23) 93.64(0.19) 93.71(0.25) 93.76(0.20) | 90.96(0.23) 90.92(0.19) 91.00(0.23) 90.96(0.19)
L12 | 95.94(0.20) 95.89(0.27) 95.87(0.22) 95.85(0.22) | 92.86(0.21) 92.84(0.22) 92.85(0.19) 92.90(0.23) | 89.81(0.23) 89.79(0.23) 89.80(0.24) 89.77(0.22)
Total 11 15 13 13 11 12 10 19 14 11 12 15
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Table 4. The experimental results of the ablation study.

Selection Method | ACDE-R ACDE ACDE-R ACDE ACDE-R ACDE
Turbine 15 20 25
LO 99.55(0.20) 99.71(0.17) | 97.56(0.32) 97.91(0.35) | 95.01(0.33) 95.54(0.34)
L1 99.20(0.33) 99.70(0.19) | 96.66(0.38) 97.49(0.43) | 94.06(0.57) 94.58(0.37)
L2 99.30(0.27) 99.78(0.16) | 97.39(0.33) 98.22(0.29) | 95.22(0.41) 96.08(0.34)
L3 98.64(0.32) 99.33(0.26) | 96.12(0.39) 96.99(0.34) | 93.50(0.38) 94.34(0.35)
L4 99.24(0.31) 99.73(0.18) | 97.10(0.41) 97.95(0.34) | 94.57(0.41) 95.39(0.37)
L5 99.32(0.30) 99.69(0.15) | 97.34(0.32) 98.03(0.23) | 95.12(0.35) 95.99(0.36)
WS1 L6 99.01(0.32) 99.60(0.27) | 96.55(0.48) 97.25(0.37) | 93.85(0.41) 94.62(0.43)
L7 99.41(0.38) 99.68(0.19) | 97.16(0.45) 97.67(0.36) | 94.46(0.46) 95.07(0.35)
L8 99.36(0.19) 99.80(0.15) | 97.50(0.40) 98.04(0.33) | 95.06(0.34) 95.85(0.41)
L9 99.10(0.38) 99.55(0.18) | 96.97(0.47) 97.51(0.30) | 94.34(0.28) 95.10(0.48)
L10 99.43(0.24) 99.71(0.15) | 97.25(0.40) 97.94(0.41) | 94.83(0.39) 95.52(0.34)
L11 99.38(0.24) 99.75(0.16) | 97.36(0.30) 97.94(0.24) | 95.09(0.39) 95.75(0.41)
L12 99.09(0.38) 99.58(0.19) | 96.68(0.44) 97.34(0.38) | 93.97(0.38) 94.43(0.33)
p-value 1.22E-04 - 1.22E-04 - 1.22E-04 -
LO 98.18(0.26) 98.41(0.23) | 95.91(0.26) 96.31(0.29) | 93.58(0.28) 93.84(0.27)
L1 97.60(0.36) 98.10(0.30) | 94.96(0.31) 95.61(0.24) | 92.38(0.34) 92.80(0.30)
L2 97.90(0.35) 98.50(0.24) | 95.82(0.34) 96.51(0.33) | 93.49(0.29) 94.02(0.28)
L3 97.43(0.32) 98.02(0.26) | 94.99(0.39) 95.50(0.35) | 92.19(0.35) 92.72(0.29)
L4 97.98(0.24) 98.55(0.21) | 95.89(0.30) 96.50(0.28) | 93.57(0.30) 94.07(0.32)
L5 97.98(0.25) 98.48(0.24) | 95.89(0.31) 96.37(0.33) | 93.59(0.32) 94.09(0.25)
WS2 L6 97.20(0.31) 97.78(0.30) | 94.68(0.37) 95.21(0.30) | 92.01(0.37) 92.43(0.29)
L7 97.83(0.38) 98.26(0.25) | 95.49(0.29) 95.90(0.26) | 92.94(0.26) 93.37(0.32)
L8 98.13(0.27) 98.52(0.21) | 96.00(0.36) 96.33(0.24) | 93.61(0.33) 94.00(0.29)
L9 97.85(0.24) 98.24(0.20) | 95.42(0.25) 95.86(0.28) | 92.86(0.26) 93.30(0.24)
L10 98.12(0.27) 98.45(0.18) | 95.82(0.36) 96.30(0.30) | 93.53(0.25) 93.95(0.26)
L11 98.05(0.24) 98.44(0.22) | 95.93(0.34) 96.33(0.28) | 93.47(0.31) 93.96(0.30)
L12 97.60(0.31) 98.11(0.30) | 95.19(0.40) 95.62(0.27) | 92.48(0.35) 92.88(0.30)
p-value 1.22E-04 - 1.22E-04 - 1.22E-04 -
LO 98.63(0.24) 98.66(0.23) | 96.61(0.30) 96.97(0.38) | 94.26(0.32) 94.55(0.38)
L1 97.91(0.28) 98.17(0.21) | 95.69(0.34) 96.07(0.35) | 92.92(0.31) 93.65(0.33)
L2 98.54(0.20) 99.01(0.18) | 96.74(0.27) 97.47(0.24) | 94.44(0.27) 95.21(0.27)
L3 97.76(0.27) 98.22(0.30) | 95.18(0.36) 95.98(0.45) | 92.44(0.42) 93.42(0.41)
L4 97.91(0.24) 98.20(0.20) | 95.60(0.23) 96.14(0.32) | 93.01(0.34) 93.64(0.30)
L5 98.58(0.19) 98.99(0.14) | 96.85(0.39) 97.45(0.23) | 94.44(0.40) 95.31(0.32)
WS3 L6 97.84(0.31) 98.02(0.23) | 95.41(0.28) 95.66(0.28) | 92.76(0.36) 93.24(0.31)
L7 98.20(0.22) 98.37(0.24) | 96.13(0.20) 96.42(0.34) | 93.67(0.39) 94.17(0.36)
L8 98.50(0.18) 98.78(0.20) | 96.65(0.35) 97.12(0.29) | 94.27(0.33) 95.10(0.36)
L9 98.23(0.26) 98.46(0.24) | 95.98(0.34) 96.48(0.34) | 93.59(0.56) 94.19(0.37)
L10 98.23(0.28) 98.52(0.26) | 96.22(0.30) 96.53(0.26) | 93.70(0.32) 94.27(0.45)
L11 98.50(0.24) 98.80(0.19) | 96.71(0.27) 97.10(0.31) | 94.26(0.34) 94.96(0.38)
L12 97.84(0.26) 98.06(0.24) | 95.32(0.30) 95.71(0.30) | 92.65(0.38) 93.01(0.43)
p-value 1.22E-04 - 1.22E-04 - 1.22E-04 -
LO 96.20(0.18) 96.33(0.20) | 93.52(0.24) 93.68(0.19) | 90.81(0.20) 90.96(0.19)
L1 95.13(0.26) 95.54(0.22) | 92.11(0.22) 92.47(0.22) | 89.14(0.20) 89.37(0.19)
L2 95.90(0.26) 96.29(0.21) | 93.19(0.23) 93.59(0.25) | 90.43(0.18) 90.72(0.20)
L3 95.18(0.29) 95.53(0.20) | 92.12(0.25) 92.50(0.25) | 89.15(0.22) 89.44(0.20)
L4 95.95(0.22) 96.29(0.21) | 93.30(0.30) 93.61(0.19) | 90.60(0.19) 90.88(0.16)
L5 95.94(0.20) 96.42(0.30) | 93.41(0.21) 93.74(0.23) | 90.70(0.17) 91.00(0.20)
WS4 L6 95.04(0.31) 95.44(0.22) | 91.83(0.27) 92.15(0.20) | 88.60(0.19) 88.86(0.23)
L7 95.65(0.27) 95.97(0.22) | 92.88(0.24) 93.22(0.29) | 89.98(0.18) 90.23(0.19)
L8 96.02(0.22) 96.32(0.26) | 93.43(0.30) 93.64(0.21) | 90.72(0.22) 90.94(0.17)
L9 95.64(0.22) 95.93(0.22) | 92.75(0.21) 93.07(0.26) | 89.99(0.19) 90.20(0.20)
L10 96.07(0.28) 96.35(0.24) | 93.43(0.27) 93.75(0.27) | 90.70(0.16) 90.98(0.19)
L11 96.07(0.27) 96.34(0.22) | 93.40(0.27) 93.76(0.20) | 90.73(0.22) 90.96(0.19)
L12 95.54(0.23) 95.85(0.22) | 92.61(0.29) 92.90(0.23) | 89.53(0.23) 89.77(0.22)
p-value 1.22E-04 - 1.22E-04 - 1.22E-04 -

Electronic Research Archive Volume 32, Issue 7, 4659-4683.



4676

The results presented in Table 5 highlight the formidable competitiveness of ACDE. It is evident
that IWO, HGSA, and CLPSO outperform the binary GA recommended by the GECCO competition,
underscoring their capability to address the competition’s challenges. Notably, ACDE emerges as the
top-performing algorithm across all five scenarios, demonstrating its adeptness in handling complex
optimization problems. Additionally, we compared ACDE with the winning algorithms of the 2014
GECCO competition, as shown in Table 6. Due to the fixed number of wind turbines, ACDE achieved
competitive results, outperforming the algorithms that placed 2nd, 3rd, and 4th in scenarios 1, 2, and 4.
In scenarios 3 and 5, ACDE also produced competitive solutions, further validating the effectiveness
of our proposed method. The experimental results from GECCO indicate that ACDE can effectively
handle discrete optimization problems with a fixed number of wind turbines in WFO. However, for
scenarios involving a dynamic number of wind turbines, ACDE is not suitable due to its encoding
limitations. Specifically, ACDE uses integer encoding to construct the wind farm, which requires the
number of wind turbines to remain fixed.

Table 5. Cost of energy, compared to the state-of-the-art layout optimizations.

Scenarios GA IWO HGSA CLPSO ACDE

1.269E-3 1.244E-3 1.254E-3 1.247E-3 1.241E-3
1.158E-3 1.162E-4 1.136E-3 1.114E-3 1.106E-3
6.913E-4 6.743E-4 6.671E-4 6.768E-4 6.678E-4
7.186E-4 6.991E-4 6.966E-4 7.001E-4 6.963E-4
1.269E-3 1.245E-4 1.226E-3 1.248E-3 1.224E-3

D W N =

Table 6. Wake free ratio, compared to the state-of-the-art layout optimizations.
Scenarios Wagner Loshchilov CMA-ES GA ACDE

1 0.9157 0.9402 0.8996 0.9021 0.9191
2 09112  0.9305 0.9100 0.9051 09116
3 0.8535 0.8798 0.8453 0.8570 0.8516
4 0.8777  0.9076 0.8768 0.8775 0.8803
5 0.8373  0.8649 0.8269 0.8482 0.8327

5. Conclusions

In this study, we introduced an innovative adaptive chaotic differential evolution (ACDE) algorithm
designed to optimize wind turbine placement. This algorithm was specifically engineered to balance
local exploitation and global exploration effectively, while incorporating problem-specific knowledge
into its search mechanism. The ACDE algorithm enhanced the traditional DE method by integrating an
adaptive chaotic local search and a pioneering wind turbine adjustment strategy based on tournament
selection. The latter was crafted to give precedence to energy-efficient turbine placements, enhanc-
ing population diversity and surpassing the limitations of conventional meta-heuristic algorithms. The
chaotic search applied to the global best individual enhanced algorithmic exploitation, while the pro-
posed wind turbine adjustment strategy improved population diversity, ensuring effective algorithmic
exploration. To further validate algorithm performance, comprehensive datasets of complex wind farm
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layouts from GECCO’s competition were utilized. The results unequivocally affirm ACDE has the
ability of addressing complex optimization problems. Specifically, it obtained competitive results with
the 2014 GECCO competition. However, it is noteworthy that the integration of the chaotic search and
adjustment strategy did entail a certain increase in computational costs. Meanwhile, the performance
of ACDE was limited for dynamic wind farm layout optimization on GECCO second edition.

Our comprehensive evaluations of ACDE, set against a variety of wind rose patterns and layout
constraints, revealed its superiority over five cutting-edge algorithms. Its effectiveness was consis-
tently demonstrated through higher average conversion efficiencies and statistically significant results
in all tested wind scenarios and turbine counts, supported by experimental data and Wilcoxon signed-
rank tests with p-values well below the 0.05 threshold. Graphical analyses, including box-and-whisker
plots and convergence graphs, affirmed ACDE’s robustness and dependability. These analyses accentu-
ated ACDE’s compact interquartile ranges, elevated median efficiencies, and rapid convergence rates,
underscoring its capacity to sustain consistent performance amidst increasing scenario complexity. Re-
markably, in scenarios with a larger number of turbines, ACDE not only achieved the highest median
efficiency but also displayed significant variance, showcasing its versatility and superior performance
under intricate conditions. The algorithm’s effectiveness was also evident in the detailed wind farm
layouts, where ACDE consistently attained the highest overall efficiency. A sensitivity analysis of the
rad parameter further strengthened this result, with ACDE performing optimally when rad was set
to 0.5—this points to a well-calibrated balance between exploration and exploitation within the algo-
rithm’s operational dynamics. The ablation study conclusively illustrated the positive effects of the
innovative power generation accumulation-based tournament selection method implemented within
ACDE. When compared to a variant using a random selection approach, the tournament selection
method clearly emerged as a substantial factor contributing to ACDE’s enhanced performance. In sum,
the results from the experimental assessments, graphical depictions, parameter sensitivity analysis, and
ablation study collectively solidified ACDE as an exceptionally capable and trustworthy methodology
for wind farm layout optimization. This marks a notable improvement over current strategies in the
field of wind energy optimization. In future work, we plan to optimize the encoding method and
operators of the proposed algorithm to better address various types of problems, including dynamic
problems.
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