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ABSTRACT
Although, only in recent years, northern European countries started
to install large offshore wind farms, it is expected that by 2020,
several dozens of far and large offshore wind farms (FLOWFs) will
be built in the Baltic, Irish and North seas. These FLOWFs will
be constituted of a considerable amount of wind turbines (WTs)
packed together, leading to an energy density increase. However,
due to shadowing effects between WTs, power production is re-
duced, resulting in a revenues decrease. Therefore, when FLOWFs
are considered, wake losses reduction is an important optimization
goal. This work presents a modular approach to optimize the en-
ergy yield of FLOWFs through an evolutionary algorithm. In order
to do so the algorithm is set to find an optimal WF layout. The
method consists of a modular strategy where the site wind rose in-
formation is used in different steps, which accelerates the calcula-
tion speed of the wake losses. The results presented demonstrate
the method effectiveness. A computational time decrease is ob-
served when compared to the standard optimization strategy, with-
out jeopardizing the quality of the optimal layouts achieved.

Categories and Subject Descriptors
G.1.6 [Optimization]: Global optimization

General Terms
Algorithms, Performance

Keywords
CMA-ES, Modular Approach, Optimization, Turbine Micro Siting,
Wake Losses, Wind Energy

1. INTRODUCTION
According to the European Commission, offshore wind will have

a substantial contribution in helping the European Union to meet its
energy policy objectives. Hence, a substantial increase in the off-
shore wind installed capacity is expected in the coming years. This
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growth, when compared to the current installed capacity, is believed
to be approximately 30 to 40 times higher, by 2020, and 100 times
in 2030 [1]. Together with the wind farms (WFs) rated power, also
the average number of installed turbines per WF is rapidly increas-
ing, as shown in Figure 1. Furthermore, it is believed that this trend
will continue [2].

In order to reduce costs, e.g. internal collection system cost,
turbines tend to be packed in WFs. However, the installation of
wind turbines (WTs) close to each other causes interferences such
as shadowing effects. For example, the efficiency of the Danish
Horns Rev offshore wind farm is 11% lower when compared to
what the same turbines would produce if installed alone [4]. Thus,
it is important to reduce the wake losses in far and large offshore
wind farms (FLOWFs). Optimizing the WT micro siting is one
possible strategy to reduce wake losses. However, due to the high
nonlinearity nature and amount of design variables of the problem,
the search space becomes too complex to be solved through deter-
ministic algorithms. A possible solution is the use of stochastic
algorithms, where randomness is included in the process [5].

The use of optimization methods inspired by biological processes
in the WT micro siting problem is not novel. For instance, an evo-
lutive algorithm set to optimize the WF profits was used in [6].
In order to do so, it was required the minimization of the invest-
ment costs while maximizing the net cash flows, through energy
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Figure 1: Evolution of the wind turbines number per offshore
wind farm and the yearly average [3].
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generation optimization and power losses reduction. Discrete and
continuous variables were considered, making the optimization an
integer-mixed type problem. An analytical optimization framework
for offshore WF layout optimization problems, using the energy
levelized cost as objective function, is presented in [7]. In this
method, for each WT, the Weibull scale parameters are corrected
in order to account for the wake losses. A modular and paralleliz-
able evolutionary optimization strategy set to optimize the layout
of a WF with thousand turbines is presented in [8]. In addition, the
wake losses scaling with the number of turbines is analyzed.

An approach for the turbine micro siting problem that transforms
the WF area into a finite grid is used in [9]. A “lazy greedy" algo-
rithm was employed. Additionally, the wake losses model was ex-
tended in order to handle complex terrain areas. A methodology
named Unrestricted Wind Farm Layout Optimization (UWFLO)
which covers several aspects regarding wind farm planning was
suggested in [10]. The analytical wake losses model employed was
originally proposed in [11]. In order to solve the single-objective
problem – WF energy production maximization – a Particle Swarm
Optimization (PSO) algorithm was used. To guarantee that the so-
lutions were feasible, constraints regarding the minimum distance
between neighboring turbines and maximum WF area were em-
ployed. The methodology was applied to different case scenarios
with identical and non-identical WTs.

A multi-objective approach for energy capture maximization and
turbine and land area cost minimization is presented in [12]. The
PSO was the algorithm implemented and wake losses were con-
sidered. In [13] the optimization problem for maximizing the WF
energy output was also solved in a multi-objective manner. The
constraint violation was considered as a second objective to be min-
imized.

The objective of the study performed in [5] was to investigate
different optimization algorithms applied in offshore WF micro sit-
ing problems. Five optimization algorithms, viz. gradient search
algorithm (GSA), greedy heuristic (GH), genetic algorithm (GA),
simulated annealing (SA) and pattern search (PS), were evaluated
and compared in respect to their applicability and performance in
WF micro siting problems.

This work presents a modular approach to optimize the energy
yield of FLOWFs through an evolutionary algorithm. In order to do
so the algorithm is set to find an optimal WT layout. The method
consists of a modular strategy where the site wind rose information
is used in different steps.

The sections of the paper are organized as follows: in the next
section an introduction to wake losses modeling is given. There-
after, the evolutionary algorithm employed is presented. In the
following section, the proposed optimization method is described.
Thereafter, a case study is presented, followed by the results sec-
tion. A sensibility analysis is carried out and at the end conclusions
are drawn.

2. WAKE LOSSES
In this work, the wake growth model used was proposed in [14],

while the wind speed deficit model employed was originality pre-
sented in [15]. This model has been widely adopted in WF mod-
eling [16]. More information regarding different analytical wake

losses models, applicable for both small and large WFs, may be
found in [17, 18, 19].

Differently from a solitary WT, the wind speed seen by a j-th
turbine positioned in the wake of one or more turbines, is given by:

Uj =U0 (1−de f icit) (1)

where U0 is the ambient wind speed and de f icit is the velocity
decrease caused by shadowing effects.

The wake expansion is considered to be linear, hence:

Rw
k = Rk +αdk j (2)

where Rw
k is the wake front radius, Rk is the turbine rotor radius,

α is the decay factor – in offshore conditions, a value of 0.05 is
normally used [19] – and dk j is the distance between the turbines
being considered.

The interference caused by an upstream k-th turbine to the j-th
turbine may be calculated as:

Uk j =
1−√1−CTk(

1+ αdk j
R j

)2

Ak j

A j
(3)

where CTk is the k-th turbine thrust coefficient at a given speed, A j
is the j-th turbine rotor area and Ak j is the j-th turbine rotor area
influenced by the upstream turbine k.

If the wake front affects entirely the j-th turbine, Ak j = πR2
j .

If the wake wave affects partially the turbine rotor sweep area (see
Figure 2), Ak j is given by (4), shown in footnote. Finally, if the
wake front does not impact the j-th turbine, Ak j = 0.

The wake losses model takes into consideration multiple inter-
ferences from WTs located upstream. Hence, the deficit term is
calculated as:

de f icit =

√
n

∑
k=1

U2
k j (5)

Assumptions
Several assumptions were made in the wake speed deficit model-
ing. These assumptions may lead towards results that may not rep-
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Figure 2: Wind turbine partially affected by an upstream tur-
bine wake front.
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resent the reality. A Computational Fluid Dynamics (CFD) model
is likely to achieve a more accurate estimation of the wake veloci-
ties [20]. However, a major disadvantage of such high fidelity CFD
simulations is the excessive computational complexity and process-
ing time. Such drawback is further heightened when evolutionary
algorithms are used, since a high amount of function evaluation is
required. In the following bullet points the assumptions made are
described:

• The wind speed in the wake front is axi-symmetric;

• The wake front starts to expand after the turbine rotor;

• Linear wind speed reduction inside the wake front;

• Turbine loads and properties of the local terrain were not
considered;

• The WTs are identical, i.e. similar physical and performance
characteristics;

• Wind turbulence was not considered;

• The freestream wind speed is homogenous.

Due to the assumptions described above, it may be possible to
achieve wind farm layouts where the energy production is increased
as well as the turbulence felt by the turbines. In this way, it is impor-
tant to verify how an optimized solution found with the simplified
model performs in a more robust wake losses model, where turbine
loads are also taken into consideration.

3. CMA-ES ALGORITHM
The covariance matrix adaptation evolution strategy (CMA-ES),

originally designed for small populations [21], is one of the most
powerful evolutionary algorithms for real-valued single-objective
optimization of non-linear and non-convex functions [22, 23].

The CMA self-adapts the covariance matrix of a multivariate
normal distribution, which is used to sample new solution from
the multidimensional search space, where each variate is a search
variable [8]. The correlations between the variable are respected
due to the covariance matrix, making it a powerful evolutionary
optimization algorithm [24].

The CMA is invariant against order-preserving transformations
of the fitness function value and, disregarding initialization, also
invariant against rotation and translation of the search space. If the
strategy parameters are properly initialized or if the time needed to
adapt the strategy parameters is neglected, any transformation of
the search space does not affect the performance of the CMA [24].

The CMA algorithm has been applied in different fields of engi-
neering [25]. In Figure 3 a flowchart of the CMA-ES algorithm is
presented.

3.1 Initial Population
At the initialization, step 1 of Figure 3, an initial standard layout

is created. The composition of a solution is given in (6). Encoded in
the solutions are the turbine coordinates, which have as boundaries
the WF area limit. All the encoded variables are real valued.

X =
[

x1 · · · xk y1 · · · yk
]

(6)

where (x1,y1) and (xk,yk) correspond to the coordinates of the first
and k-th WTs, respectively.

3. Terminate?

7. Output Best Solution1. Initial Solution

Yes

No

2. Fitness evaluation

6. Update C and σ

5. Selection and recombination

4. Sample of λ new solutions

Figure 3: Flowchart of the CMA-ES algorithm.

3.2 Optimization goal
In step 2, the fitness function is evaluated. The optimization goal,

wind farm efficiency, is expressed as:

ηW F =
PWF

n
∑

i=1
PWT i

(7)

where ηWF is the WF efficiency, PWF is the WF total power pro-

duction and
n
∑

i=1
PWT i represents the power produced by the turbines

without shadowing effects. The WF efficiency optimization was
performed through the minimization of −ηW F .

Constraints
In order to obtain feasible results for the optimal WT siting prob-
lem, the following constraints – displayed in Figure 4 – were im-
plemented [10]:

• A minimum distance between neighboring turbines is required.
In this work a minimum separation of four turbine rotor di-
ameters was considered;

• The WTs have to be placed inside the WF area.

3.3 Stopping Criterion
The optimization will end and return the best individual in the

population when the maximum number of generations is reached.

3.4 Sampling of new solutions
In the CMA-ES, a population of λ new individuals is generated

by sampling a multivariate normal distribution:

xk
(g+1) ∼ m(g) +σ(g)N

(
0,C(g)

)
for k = 1, ...,λ (8)

OWF maximum area

Minimum separation
between OWTs

Figure 4: Problem constraints taken into consideration.
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where m(g) is the mean value of the search distribution at genera-

tion g, σ(g) is the standard deviation, N
(

0,C(g)
)

is a multivariate

normal distribution with zero mean and covariance matrix C(g).

3.5 Selection and Recombination
In step 5, the best µ = �λ/2� solutions are selected for recombi-

nation to obtain the new mean value of the search distribution. The
CMA variant performs a comma-selection, meaning that no elitism
is performed, which enhances the escape from local minima of the
problem [23].

m(g+1) =
µ

∑
i=1

wix
(g+1)
i:λ (9)

where µ≤ λ is the number of selected points, wi=1...µ are the weight

coefficients for recombination which respect:
µ
∑

i=1
ωi = 1,ωi > 0.

3.6 Update C and σ
In order to update the covariance matrix, C, it is first necessary

to update the evolution path, given by:

p(g+1)
c = (1−cc)p(g)

c +
√

cc (2−cc)µe f f
m(g+1)−m(g)

σ(g)
(10)

where µe f f =

(
µ
∑

i=1
w2

i

)−1

.

Thereafter, C is updated according to:

C(g+1) =
(
1−c1 −cµ

)
C(g) +c1p(g+1)

c p(g+1)T

c +cµ

µ
∑

i=1
wiy

(g+1)
i:λ

(
y(g+1)

i:λ

)T
(11)

where y(g+1)
i:λ =

(
x(g+1)

i:λ −m(g)
)

σ(g)
.

The standard deviation of the multivariate normal distribution is
also updated. Firstly, the conjugate evolution path is updated:

p(g+1)
σ = (1−cσ)p(g)

σ +
√

cσ (2−cσ)µe f f C(g)−
1
2 m(g+1)−m(g)

σ(g)

(12)
Finally, the standard deviation is updated through:

σ(g+1) = σ(g) exp

⎛
⎝ cσ

dσ

⎛
⎝

∥∥∥p(g+1)
σ

∥∥∥
√

n
(
1− 1

4n +
1

21n2

) −1

⎞
⎠
⎞
⎠ (13)

The parameters used in the CMA-ES were set to their default
values [23], while the initial values were set as: C(0) = I, pσ

(0) =
pc

(0) = 0 and σ(0) = 0.5.

4. OPTIMIZATION METHODS
In this section, the modular and the standard optimization meth-

ods are introduced and compared.

4.1 Modular Optimization
The proposed optimization scheme is composed of three steps,

as shown in Figure 5. The first step starts by placing the WTs in
a standard configuration. Moreover, only the main wind direction
is used to optimize the WTs siting problem. In this way, the wake
losses evaluation computation burden is reduced.

1st step
Predominant wind direction

Initial
standard
layout

CMA-ES

2nd step
Predominant wind sector

3rd step
Every wind direction

Improved
initial layout

Improved
initial layout

Optimal
layout

Figure 5: Proposed Modular Optimization Method.

In the second step, the WTs are placed in the best layout found
in step 1. In this phase, the main wind sector is considered, leading
to higher wake losses evaluation times. However, a higher model
accuracy is obtained.

In the third and last optimization stage, similarly to step 2, the
turbines are placed in the best layout found in the previous step.
The entire wind rose is now used. Hence, the wake losses model is
slower but it offers maximum accuracy.

It is important to refer that the multi-scale approach to solve the
wind turbine micro siting problem introduced in this work prevails,
independently of the optimization algorithm used.

4.2 Standard Optimization
The standard optimization is considered to be the technique of

optimizing the offshore WF layout through a CMA-ES algorithm.
Differently from the proposed method, the complete wind rose in-
formation is used throughout the entire optimization process. The
initial turbine layout is similar to the one used in step 1 of the pro-
posed method.

5. CASE STUDY
In order to evaluate the wake losses, information regarding the

wind is needed. In Figure 6 it is shown a wind rose with the av-
erage wind speeds and respective frequencies. Moreover, the wind
directions considered in the first and second steps of the proposed
optimization method are highlighted.

For the present case study, the WF was considered to have a
square shape, with 5 km per side, 36 identical turbines and an in-
stalled capacity of 221.4 MW. Initially the turbines were placed in
a grid with 1 km distance between them.

The turbines, used in this work, have a hub height of 100 m
and a 126 m rotor dimater. Figure 7 presents the power curve of
a single turbine and the fitted function. The thrust coefficient for
the operational wind speeds and the respective fitted function are
shown in Figure 8. The curve fitting was required since the power
and thrust values are needed for a continuous range of wind speeds.

The fairest manner to compare the methods is by giving the same
processing time to both strategies, since the standard method would
require a longer period of time to run the same amount of gen-
erations. The modular optimization approach was set to run for
350 generations. Both methods were simultaneously terminated
once the proposed method completed the preestablished iterations.
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Figure 6: Wind rose with the average wind speeds and frequen-
cies.
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Figure 7: Wind turbine power curve.
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Figure 8: Wind turbine thrust curve.

6. RESULTS

6.1 Proposed Optimization
Figure 9 shows the initial and final turbine layouts of all op-

timization steps, while in Figure 10 the final optimal layout and
the minimum distance between neighboring WTs are presented. In
Figure 9, it can be seen that in the first step, the turbines coordinates
did not differ much from the initial layout. On the other hand, the
highest variation occurred during the second step, since in the third

−1000 0 1000 2000 3000 4000 5000 6000
−1000

0

1000

2000

3000

4000

5000

6000

 

 

Initial 1st step 2nd step 3rd step

Figure 9: Initial and final layouts for the modular optimization
method.

−1000 0 1000 2000 3000 4000 5000 6000
−1000

0

1000

2000

3000

4000

5000

6000

Figure 10: Optimal layout with the minimum distances be-
tween WTs.

and last step, the turbines, once again, were not placed far from
their initial coordinates.

In Table 1, for each optimization step, the initial and final fit-
ness values, the processing time and the number of generations are
shown. The first step only improved circa 0.05% the wind farm
efficiency. It is possible to conclude that considering only the main
wind direction is not representative of the entire wind rose.

A pre-established number of generations were given to each step.
However, the optimal number of generations to be attributed to each
step is rather complicated to obtain. Another approach that may
be suitable, is to move to the next step after a certain number of
iterations whiteout further improving the fitness value.

6.2 Standard Optimization
In Figure 11 the initial and final WT layouts found are depicted.

In Table 2, the initial and final fitness values, the processing time
and the number of generations are shown.
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Table 1: Run time, Iterations number and fitness values.
Step Fitness value [%] Time [s] Generations

1 80.77 80.83 4.67 50
2 80.83 90.28 45.37 200
3 90.28 92.49 86.46 100

−1000 0 1000 2000 3000 4000 5000 6000
−1000

0

1000

2000

3000

4000

5000

6000

 

 

Initial layout Optimizied layout

Figure 11: Initial and optimized layout for the standard opti-
mization process.

Table 2: Run time, Iterations number and fitness values.
Step Fitness value [%] Time [s] Generations

1 80.77 90.9 136.8 144

6.3 Comparison
In this section a comparison between the results obtained with

the two optimization methods is performed.
Figure 12 shows the best fitness values during both optimiza-

tions. For the proposed method the wind farm efficiency was recac-
ulculated in order to considered the entire wind rose (green curve).
This is why the efficiency presents lower values during the opti-
mization. On the other hand, the blue curve represents the wind
farm efficiency seen by the algorithm during the optimization.

It is possible to observe that, when the proposed method ad-
vances to the next step, the fitness value drops. The WF layout
performs worse with new wind directions since they were not taken
into consideration previously. The highest fitness value drop, circa
9%, was observed when the method completed the first step (see
Table 1). On the other hand, a decrease of approximately 6% was
observed once the algorithm entered the last optimization step.

During the second step of the proposed method, it can be seen
that the same curve shape can be found in the blue and green curves.
For this wind rose, it can be concluded that, even though only 25%
of the wind information is being used, the wake losses are, to some
extent, representative for the entire wind rose.

The highest WF efficiency achieved with the standard method
was 90.9% (see Table 2). This fitness value was obtained with the
proposed method within approximately 93 s. Therefore, the pro-
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Figure 12: Best found fitness values during optimization for
both strategies.

posed method only required circa 32% of the processing time to
reach the same WF efficiency.

The average iteration time was 0.39 s for the proposed approach
and 0.95 s for the standard optimization method. This result may
be explained by the fact that, in the first two steps of the proposed
method, only a fraction of the wind directions were considered.
Hence, the wake losses evaluation is performed with a lower com-
putational requirement, leading to a iteration speed decrease.

7. SENSITIVITY ANALYSIS
The construction of an offshore WF represents a huge invest-

ment made by, usually, an entity consortium. Therefore, an usual
requirement is a sensitivity study in order to avoid unwanted project
outcomes. For instance, as shown in Figure 13, it is preferable to
obtain a local maximum for the WF layout problem, which is sta-
ble when facing layout uncertainties, rather than a global maximum
which shows a high sensitivity to variations.

7.1 Turbine siting variation
In the first part of the sensitivity analysis, the WTs positions

were independently perturbed in a total of ten thousand times. The
random WT coordinates were sampled from a two-variable normal
distribution, which has as mean values the initial coordinates of the
turbine and a covariance matrix given by:

Fitness
value G lobal unstable

maximum

L ocal stable
maximum

Figure 13: Local and global maximum of a function with dif-
ferent sensitivities.
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C =

[
20 0
0 20

]
(14)

Figure 14 displays the probability density function for the initial
layout and for both optimal layouts. It is possible to observe that
the initial layout has the lowest standard deviation, σ = 0.019, and
the lowest wind farm efficiency mean, m = 80.77%. This means
that the initial layout is the one that offers the lowest sensitivity to
misplacement of turbines in the wind farm.

The optimal layouts found with the standard and proposed meth-
ods have similar standard deviations, σ = 0.052 and σ = 0.036,
respectively. Regarding the mean values the layout found with the
proposed method has the highest mean value, m = 92.46%.

7.2 Wind rose variation
In the second part, the wind rose was perturbed in order to ver-

ify the sensitivity of the layouts. Both the mean wind speeds and
frequency for all directions were altered. In order to do so, ran-
dom numbers sampled from a normal distribution were added to
the initial values:

{
(wind speed)θ = (wind speed)θ +N (0,0.1) for θ = 0, ...,360◦

(wind frequency)θ = (wind frequency)θ +N (0,0.1) for θ = 0, ...,360◦
(15)

In Figure 15 it is shown the probability density function for the
initial layout and for both optimal layouts. The initial layout presents
the highest standard deviation, σ = 0.342, while the layout ob-
tained with the proposed method has the lowest standard deviation,
σ = 0.132. Hence, the layout obtained with the proposed optimiza-
tion method is the one that is the least affect if variations occur to
the wind rose.

With the performed sensitivity study, it can be concluded, that
although the optimal layouts present a higher sensitivity to pertur-
bations to the turbine coordinates, the variation that might outcome
from such misplacement does not affect gravely the wind farm effi-
ciency. Furthermore, the optimal layouts have a lower sensitivity to
perturbations made to the wind rose, when compared to the initial
layout.
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Figure 14: Probability density functions obtained for the tur-
bine coordinates perturbation.
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Figure 15: Probability density functions obtained for the wind
rose perturbation.

8. CONCLUSIONS
Future FLOWs will be built with a higher number of turbines

packed in a constricted area. Thus, wake losses will play an impor-
tant role in the energy capture efficiency. A modular optimization
framework for the turbine layout problem was introduced.

The optimization method proposed in this work, due to its mod-
ular approach, provides optimal wind turbine layouts with lower
computational burden. Moreover, the method is independent of the
wake losses model and optimization algorithm. However, since
multiple wake losses evaluations are required, the use of detailed
wake losses models for optimization purposes becomes prohibitive.

As future work it would be interesting to verify and investigate
how layouts found with the proposed optimization method would
perform with more accurate wake losses models.
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