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ABSTRACT: Wake interactions among wind turbines strongly influence wind farm power generation and economic
performance, making wind farm layout optimization (WFLO) essential for efficient energy harvesting. This study
develops an integrated optimization framework by coupling a previously validated three-dimensional elliptic super-
Gaussian wake model (3DESG) with a genetic algorithm (GA). The contribution of the present work is the optimization
coupling, implementation, and controlled comparison of baseline, hub-height-only, layout-only, and simultaneous
layout-height optimization scenarios under a prescribed southwesterly inflow (225° in meteorological convention;
45° downstream heading). The 3DESG formulation is adopted from earlier work without recalibration, while the GA
searches turbine coordinates and, where applicable, discrete hub-height assignments. Increasing the aligned baseline
hub height from 50 to 80 m increases total power from 4759.91 to 5594.37 kW, whereas layout optimization at 80 m
increases total power to 8285.81 kW. This corresponds to a 48.11% increase relative to the 80 m aligned baseline and a
74.07% increase relative to the 50 m aligned baseline. The cost-per-normalized-power indicator decreases from 1.20 for
the 80 m aligned baseline to 0.81 for the optimized layout. Simultaneous layout-height optimization produces a similar
solution because the optimal hub-height selection converges to 80 m for all turbines in the present two-height design
space. These findings indicate that turbine placement has a stronger effect than hub-height adjustment in this controlled
single-direction case; however, this conclusion is restricted to a fixed turbine number, two discrete hub heights, a single
best GA run, and a simplified economic model.

KEYWORDS: Offshore wind farm; wake analytical model; genetic algorithm; layout and hub height optimization;
prevailing wind direction

1 Introduction

The global transition toward low-carbon energy systems has intensified interest in wind energy as a
major renewable electricity source [1,2]. Wind-farm performance and economic viability are strongly affected
by wake interactions and farm configuration. Consequently, wind farm layout optimization (WFLO) has
become a central design problem for increasing energy production while controlling project cost [3-5].

Computational fluid dynamics (CFD) is widely used to investigate wind-turbine aerodynamics,
atmospheric-flow effects, and wake development. Ma et al. [6] analyzed coupled aeroelastic wake behavior,
Li et al. [7] examined the effects of ground roughness and atmospheric stratification using large-eddy
simulation, and Cai et al. [8] investigated yawed inflow and blade-tower interaction. High-fidelity wake
simulations have also been reported for individual turbines and large wind farms [9-11]. Although these
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approaches provide detailed flow information, their computational cost can be restrictive in WFLO, where
many candidate configurations must be evaluated. Analytical wake models therefore remain useful for
optimization-oriented engineering studies.

Hub-height and three-dimensional wind-farm design have been investigated using several optimization
objectives. Lee et al. [12] showed that the hub height maximizing annual net profit depends on wind
conditions. Vasel-Be-Hagh and Archer [13], Abdulrahman and Wood [14], and Chen et al. [15] further
demonstrated that hub-height selection can alter the trade-off between energy production and cost. These
studies provide the appropriate support for the hub-height discussion in the present manuscript.

Considerable effort has also been devoted to turbine-position optimization. Yang et al. [16] developed
a modified genetic algorithm for WFLO, Liu et al. [17] incorporated offshore engineering cost and seabed
constraints, and Bai et al. [18] proposed an adaptive evolutionary framework. Wake-model-based layout
studies [19], simultaneous layout and hub-height optimization [20], and three-dimensional turbine position-
ing [21] have further demonstrated the importance of horizontal and vertical design variables. In addition,
uncertainty in wind conditions has been treated explicitly in layout-optimization studies [22,23].

Although significant progress has been achieved, comparatively few studies have used the same wake
model, turbine number, domain, inflow direction, and economic indicator to isolate the relative effects of
hub-height-only, layout-only, and simultaneous layout-height optimization. Because horizontal and vertical
turbine spacing influence different components of wake overlap, a controlled comparison is useful for
identifying which design variable drives the performance differences under a prescribed inflow condition.

To address this need, the present study couples a previously validated 3DESG wake model with a GA
optimizer and evaluates four controlled scenarios: fixed aligned baselines, hub-height-only optimization,
layout-only optimization, and simultaneous layout-height optimization. The cost-per-normalized-power
indicator is used to compare power production with the simplified hub-height-dependent cost proxy.
The analysis is intentionally restricted to a southwesterly inflow (225° in meteorological convention;
45° downstream heading) so that the effects of the design variables can be compared under the same
inflow condition.

The 3DESG wake model itself is not newly derived in this manuscript; it is the aerodynamic evaluation
module adopted from the authors’ previous work [24]. The present contribution consists of: (i) a reproducible
3DESG-GA coupling procedure for wind-farm optimization, (ii) a controlled case matrix that separates hub-
height-only, layout-only, and simultaneous layout-height optimization, and (iii) a quantitative comparison
of power, wake-loss mitigation, and cost-per-normalized-power indicators under the same turbine number
and wind direction. This attribution is used consistently throughout the manuscript.

The remainder of this paper is organized as follows. Section 2 introduces the wake model and genetic
algorithm framework employed in the optimization procedure. Section 3 presents and discusses the opti-
mization results under different scenarios, and Section 4 summarizes the principal findings and conclusions.

2 Methodologies

To characterize aerodynamic interactions among wind turbines, the present study employs the three-
dimensional elliptic super-Gaussian wake model (3DESG) established and validated in the authors’ earlier
work [24]. In this manuscript, the 3DESG model is used as a fixed wake-evaluation component. The new
work (shown in Fig. 1) lies in coupling this component with a GA optimizer, defining the design variables
and constraints, and comparing the C1-C4 optimization scenarios. No wake-model coefficient is recalibrated
for the present optimization cases.
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Figure 1: Flowchart of the proposed method for WFLO.

2.1 3DESG Wake Model

This section summarizes the 3DESG formulation established in the authors’ previous study [24],
which provides the theoretical basis for the present analysis. The detailed derivation and validation are
reported in [24], where the model was compared with representative wake data and benchmark formulations.
Accordingly, the results below should be interpreted as the performance of the optimization framework when
driven by the previously validated 3DESG wake predictor, rather than as a new validation of the wake model.

The wake-induced velocity reduction, denoted by AV, is expressed as:

ho+r " 0 (epyn
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AV = (140 ! T 2
rzl“(;) (202)" Tz

3 7
where 4, and ) denote the wake velocity at hub level and the rotor radius, respectively. hy corresponds
to the hub height. I' represents the gamma function. The angle brackets in Eq. (1) are grouping symbols
only and do not denote an average, expectation, or inner product; a is the dimensionless wake-deficit
amplitude coefficient in the 3DESG formulation. r, defines the wake radius in the vertical direction. o, and o,
characterize the wake width along the lateral and vertical coordinates, respectively. The vertical wake radius
is determined as r, = k,x + ry = 2.810,. k, denotes the vertical wake expansion coefficient and is evaluated
using Fq. (2).

k. =0.2433C3**7 134" (2)

where Cr represents the thrust coefficient, and 10 is the inflow turbulence intensity. The wake-expansion and
super-Gaussian formulations follow the analytical modeling approaches described in [25,26]. The parameter
n is obtained from an exponential relationship, while Au quantifies the hub-level wake deviation induced by
wind shear. These variables are defined as follows:

n=ce*”*+2

Auzu(z)—uozuo(zio) — Uy (3)

where ¢; and ¢, characterize the intrinsic variability associated with wake development. z, denotes the
reference elevation; « corresponds to the wind shear exponent.
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2.2 GA Algorithm

A genetic algorithm (GA) is adopted as the optimizer [16-18]. For position-optimization cases, one
chromosome is encoded as an ordered vector of integer grid indices, and the indices are converted to physical
turbine coordinates using a grid resolution of 100 m (approximately 1.43D). For height-optimization cases,
a discrete height gene is added and mapped to one of the two available hub-height options, 50 or 80 m. The
wind farm contains 25 turbines in a 2 km x 2 km domain with rotor diameter D = 70 m. The GA method uses
a population size of 100, a maximum generation number of 500, boundary margins of 2D from the domain
edges, and the default ranking, selection, crossover, and mutation operators of the adopted scikit-opt GA
routine. A hard spacing constraint is imposed by assigning an infeasible fitness penalty when the center-to-
center distance between any two turbines is smaller than 3D. The computational procedure of the proposed
3DESG-GA optimization framework is summarized in Algorithm 1.

Algorithm 1: 3DESG-GA fitness evaluation and optimization procedure

Input: turbine number, rotor diameter, search-domain bounds, hub-height set, prevailing wind
direction, 3DESG parameters, including free-stream wind speed Uoco and inflow turbulence intensity I0,
and GA parameters.

1. Encode each candidate wind farm as turbine coordinates and, for C2/C4, discrete hub-height genes.

2. Convert integer grid genes to physical coordinates using Ag = 100 m (approximately 1.43D); sort
turbines in the inflow direction.

3. For each turbine, compute the local inflow speed at its hub height.

For each downstream turbine, evaluate upstream wake deficits using the 3DESG model and combine

=~

multiple wakes by the root-sum-square rule.

Convert effective turbine wind speed to turbine power and sum the farm power.

Compute the total cost and the cost-per-normalized-power indicator defined in Eqs. (5) and (6).
If any turbine pair violates the minimum spacing constraint, assign the penalty fitness.

Apply GA ranking, selection, crossover, and mutation to generate the next population.

Stop at the maximum generation number of 500 and output the best chromosome and its
power/cost indicators.

© % N o !

2.3 Optimization Targets

The objective of wind farm spatial optimization, encompassing both turbine hub height and layout, is to
identify the most favorable coordinates (x, y) and hub elevation (k) for each turbine, which can be expressed
mathematically as:

min fx = Cp(xi, yi, hi),
s.t.Xp <=x; <= Xy, Yy <= y; <= Yy,Hy <= h; <= Hy @
d,’j >=3D

where the objective function, constraint functions, coordinate bounds, hub-height bounds, and inter-turbine
spacing constraint are defined in Eq. (4). The design variables are turbine horizontal coordinates and, for C2
and C4, the discrete hub-height assignment. The objective is the minimization of the cost-per-normalized-
power indicator defined in Eq. (6). For height optimization, two discrete values are considered, 50 and 80 m.
The farm area is 2 km x 2 km, with horizontal bounds from 0 to 2000 m in both coordinate directions.
The optimization enforces a minimum center-to-center spacing of 3D by assigning a penalty fitness to
infeasible chromosomes.
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3 Results of Hub Height and Layout Optimization
3.1 Optimization Target

In this section, the cost-per-normalized-power indicator defined in Eq. (6) is selected as the optimiza-
tion objective under a southwesterly inflow (225° in meteorological convention; 45° downstream heading). A
lower value denotes a lower simplified cost per unit of normalized power. Four scenarios are analyzed: fixed
aligned baseline layouts, hub-height-only optimization for the aligned layout, layout-only optimization at a
fixed hub height, and simultaneous layout-height optimization. The cost function and optimization objective
are given by Eqs. (5) and (6):

N
Crotal = Y khi[2/3 +1/3exp(—0.00174N?)] (5)

i=1

N
mil’lCP:Ctotal/ZPi/PO ©

i=1

In these equations, N represents the fixed number of turbines. Because all C1-C4 cases use the same
N = 25 turbines, the cost term mainly distinguishes hub-height choices rather than turbine number in the
present layout comparison. The coefficient k accounts for the relative cost correction between the two hub-
height options. Following [27], the 50 m tower is assigned a lower relative cost than the 80 m tower, and the
ratio used in the calculation is k = 9/11. Therefore, the economic model should be understood as a simplified
cost proxy rather than a full levelized-cost-of-energy model; installation, cabling, operation, maintenance,
and seabed-condition costs are not explicitly modeled. Table I depicts the definition of variables fixed or
optimized in Cases C1-C4.

Table 1: Definition of variables fixed or optimized in cases C1-C4.

Case Variables Fixed Variables Optimized Purpose

Cl1-50 Aligned 5 x 5 layout; h = 50 m None Low-height baseline

Cl1-80 Aligned 5 x 5 layout; h = 80 m None High-height baseline

Aligned 5 x 5 layout; x; and y; Discrete hub height h; € . L
C2 fixed (50,80 m} Height-only optimization
C3 Hub height fixed at 80 m Turbine ;(i:i)r;hnates i Layout-only optimization
i
ca Turbine number and domain Turbine coordinates x;, y; Coupled layout-height
fixed and discrete A; optimization

3.2 Case C1—Aligned Layout at the Same Height

Regardless of whether the objective function is to maximize power output or minimize the cost-
per-normalized-power indicator, the positions and hub heights of the turbines in the baseline conditions
Cl are fixed and independent of the optimization objectives. Fig. 2 illustrates the normalized wind speed
distribution and normalized power output of each turbine at different hub heights (50 and 80 m, in the x-y
plane). The following conclusions can be drawn from the figure:

(a) At both heights (50 or 80 m), since the turbine’s rotational plane is always aligned with the wind
direction, the wind speed in the turbine’s wake exhibits a symmetrical distribution along the wind
direction angle. As the downstream distance increases (in the direction of the incoming flow), the
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interference from the upstream turbine’s wake on the downstream turbine intensifies, leading to an
increase in both the width and length of the wake loss experienced by the downstream turbine.
Additionally, the wake interference demonstrates a superposition effect, resulting in the most severe
wake loss for the furthest downstream turbine. Furthermore, as the hub height increases (from 50 to
80 m), the extension length of the wake loss at the hub center decreases, diminishing the superposition
effect of the upstream turbine’s wake on the downstream turbine, thereby reducing the interference and
increasing the power output of the downstream turbine.

As the hub height increases, the power output of each turbine also rises. At both heights, the power
output of the turbines exhibits a symmetrical distribution along the flow direction. With increasing
downstream distance, the superposition effect of the upstream turbine’s wake on the downstream
turbine intensifies, causing a gradual decrease in the power output of the downstream turbine, with the
rate of decrease gradually diminishing. For example, at a hub height of 80 m, the normalized power
outputs of the turbines at the center of the region (in the direction of the incoming flow) are 1, 0.477,
0.436, 0.424, and 0.419, with corresponding reductions of 52.3%, 4.1%, 1.2%, and 0.5%.

Further calculations give cost-per-normalized-power indicator values of 1.16 at 50 m and 1.20 at 80 m.
The 50 m aligned baseline has a lower simplified cost indicator, but its total power is 4759.91 kW. The
80 m aligned baseline increases total power to 5594.37 kW, corresponding to normalized total powers
0f13.79 and 16.21, respectively, when both are normalized by the 80 m single-turbine reference power.

o4

@80 mheight — o

7

u/u,
Turbine Row =

Figure 2: Normalized wind speed distribution and power generation at different heights (50, 80 m).
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3.3 Case C2—Hub-Height Optimization for an Aligned Layout

Figs. 3 and 4 illustrate the normalized wind speed distribution and normalized power distribution at

different hub heights (50 and 80 m, x-y cross-section). The key conclusions drawn from the figures are as
follows:

()

(b)

()

After optimization, the hub height of the first row of turbines is uniformly set at 80 m, while the
first turbine in each of the remaining four rows (in the flow direction) also has a hub height of
80 m. Additionally, the hub heights of turbines across rows exhibit an alternating distribution, which
minimizes the interference of upstream turbine wakes on downstream turbines. Moreover, the number
of turbines at a height of 80 m significantly exceeds that of turbines at 50 m, indicating a more rational
layout of the wind farm.

The normalized power distribution of each turbine aligns with the normalized wind speed distribution.
Specifically, the power output of turbines in each row (in the flow direction) shows a symmetrical
trend. Furthermore, in the flow direction, the power output of turbines with a hub height of 80 m is
significantly greater than that of turbines with a hub height of 50 m, and the power distribution exhibits
an alternating pattern (from high to low).

In comparison with the baseline aligned case C1 at 80 m, C2 changes only the hub-height assignments
while keeping the turbine coordinates fixed. Under the aligned layout, hub-height selection reduces
the cost-per-normalized-power indicator from 1.20 for CI1-80 to 1.01 for C2 and increases total power
from 5594.37 to 6066.15 kW. The improvement is beneficial but smaller than that obtained by turbine-
position optimization in C3 and C4.

.
1 2 3 4 5 ]
Turbine Row Turbine Row

Figure 3: Normalized wind speed distribution at different heights (50, 80 m) after optimization.
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Figure 4: Normalized power generation of each turbine.

3.4 Case C3—Optimization of Layout (Position) at Uniform Height

In this scenario, with a fixed hub height of 80 m, the study investigates the layout optimization of

turbines under a southwesterly inflow (225° meteorological direction; 45° downstream heading). Figs. 5
and 6 illustrate the normalized wind speed distribution and normalized power distribution at the hub height
(80 m, x-y cross-section), respectively. The relevant conclusions are summarized as follows:

(a)

(b)

(c)

For C3, the optimized turbine coordinates form a staggered layout that reduces wake overlap. Using
the 80 m single-turbine reference power in Table 2, the minimum normalized turbine power is
260.41/345.10 = 75.46%. Moreover, 23 of the 25 turbines (92%) achieve normalized power outputs of at
least 90%. These turbine-level values are consistent with the C3 total farm power of 8285.81 kW.
Compared with the baseline case Cl at 80 m, the optimized C3 layout substantially improves down-
stream turbine performance. The minimum turbine power increases from 144.63 to 260.41 kW, and the
total farm power increases from 5594.37 to 8285.81 kW. In normalized terms, the increase is from 16.21
to 24.01, corresponding to a 48.11% improvement relative to CI-80. If the lower 50 m aligned baseline
is used as the reference, the increase is from 13.79 to 24.01, corresponding to 74.07%.

The layout-only case C3 is also compared with the hub-height-only case C2. The normalized total power
is 24.01 for C3 and 1758 for C2. Their cost-per-normalized-power indicator values are 0.811 and 1.01,
respectively. Thus, C3 produces more power and a lower indicator value than C2 under the present
fixed turbine number, single inflow direction, and simplified cost formulation.
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Figure 6: Normalized power distribution of each turbine after optimization (purple circles: turbine locations).

Table 2: Comparison of the results of each case using the cost-per-normalized-power indicator as the optimization
objective.

Cases Case-C1 (50 m) Case-C1 (80 m) Case-C2 Case-C3 Case-C4
Maximum Power (kW) 292.44 345.10 345.10 345.10 345.10
Mean Power (kW) 190.40 223.77 242.65 330.70 331.55
Minimum Power (kW) 124.47 144.63 154.80 260.41 261.02
Total Power (kW) 4759.91 5594.37 6066.15 8285.81 8288.81
Maximum Height (m) 50 80 80 80 80
Cost (USD) 15.93 19.48 17.75 19.48 19.48
Cost-per-Normalized-Power Indicator 116 1.20 1.01 0.81 0.81
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3.5 Case C4—Simultaneous Optimization of Layout and Height

Case C4 simultaneously optimizes both turbine layout and hub height. Figs. 7 and & illustrate the
normalized wind-speed distribution and normalized turbine power for the optimized solution. For the
present two-height design space, the optimal hub-height assignment converges to 80 m for all turbines, so
the C4 result is very close to the C3 layout-only solution. The minimum turbine power is 261.02 kW, and
the total power and cost-per-normalized-power indicator are 8288.81 kW and 0.81, respectively, compared
with 8285.81 kW and 0.81 for C3. This result supports the conclusion that, under the single prevailing
wind direction and the two available hub heights considered here, turbine placement is the dominant
control variable.

30

1.0
55 0.88
0.75

20
0.63
S1s 0.50
0.38

10
0.25
3 0.13

0 0.0
0 5 10 15 20 25 30 0 5 10 15 20 25 30 wu,

x/D x/D

Figure 7: Normalized wind speed distribution at different heights (50, 80 m) after optimization.

PRCEN LS

Figure 8: Normalized power distribution of each turbine after optimization (purple circles: turbine locations).
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3.6 Discussion

Table 2 compares the computational results for all cases using the corrected cost-per-normalized-power
indicator. The results show that C3 and C4 produce the highest total power outputs, 8285.81 and 8288.81 kW,
respectively. The corresponding cost-per-normalized-power indicator values are both approximately 0.81,
whereas C1-50, CI1-80, and C2 have higher values of 1.16, 1.20, and 1.0, respectively. The identical cost
values of 19.48 for C1-80, C3, and C4 arise because all three cases contain 25 turbines at 80 m and the
simplified cost model in Eq. (5) has no layout-dependent term. Thus, layout optimization reduces the wake-
loss penalty more effectively than height-only optimization for the present controlled wind direction. The
conclusion is based on a single best GA run from the reported settings; because GA algorithms are stochastic,
repeated-run statistics and convergence histories should be included in future extended studies to quantify
optimization robustness.

3.7 Scope, Limitations, and Reproducibility Considerations

The present optimization is designed as a controlled comparison rather than a complete wind-farm
design study. First, only one southwesterly inflow condition (225° meteorological direction; 45° downstream
heading) is considered; a realistic wind rose with multiple directions and frequency weights may change
the preferred layout and may increase the value of vertical staggering. Second, hub-height selection is
restricted to two discrete options, 50 and 80 m, so the conclusion that height optimization has a smaller
effect than layout optimization is specific to this limited height set. Third, the cost model is a simplified
proxy based on turbine number and hub-height correction; it does not include cabling, foundations,
installation vessels, operation and maintenance, terrain/seabed constraints, or grid-connection costs. Fourth,
the reported GA solution corresponds to the best run obtained with the stated parameters. Future work
should include repeated GA runs, convergence curves, and multi-direction wind roses to assess robustness
and practical generality.

4 Conclusions and Future Remarks

This study develops an integrated wind farm layout optimization framework by coupling a previously
validated 3DESG wake model with a GA method. The 3DESG wake model is reused from earlier work, while
the present contribution is the optimization coupling, reproducible GA setup, and systematic comparison
of fixed, height-only, layout-only, and coupled layout-height cases under a southwesterly inflow (225°
meteorological direction; 45° downstream heading).

(1) Increasing the aligned baseline hub height from 50 to 80 m alleviates wake interference and increases
total power from 4759.91 to 5594.37 kW. For the aligned layout, hub-height optimization further
increases total power to 6066.15 kW and reduces the cost-per-normalized-power indicator from 1.20
for C1-80 to 1.01 for C2.

(2) Turbine arrangement exerts the dominant influence on wake mitigation in the controlled
southwesterly-inflow case (225° meteorological direction; 45° downstream heading). Relative to the
80 m aligned baseline, layout optimization increases normalized total power from 16.21 to 24.01,
corresponding to a 48.11% improvement, and reduces the cost-per-normalized-power indicator from
1.20 to 0.81. Relative to the 50 m aligned baseline, the corresponding normalized-power improvement
is 74.07%.

(3) Layout-only optimization (C3) and simultaneous layout-height optimization (C4) produce nearly
identical outcomes because the C4 search selects 80 m for all turbines in the present two-height
design space. C3 and C4 achieve total powers of 8285.81 and 8288.81 kW, respectively, with cost-
per-normalized-power indicator values of approximately 0.81. Therefore, the finding that layout
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optimization dominates hub-height optimization should be understood within the assumptions of a
fixed turbine number, a single wind direction, two discrete hub heights, and a simplified cost model.

The proposed 3DESG-GA framework provides an efficient controlled-analysis tool for WFLO. Future
work will extend the method to multidirectional wind roses, broader hub-height ranges, higher-fidelity
economic models, repeated GA runs with convergence statistics, and full reporting of the optimized turbine
coordinates and hub-height assignments.
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