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Abstract—During the last years wind energy has experimented
a significant growth in comparison with other types of renewable
energy sources. Accordingly, the number of wind farms has
increased sharply to become one of the most developed worldwide
infrastructures. Unfortunately, the high number of constraints
and restrictions that must be considered nowadays when de-
signing a wind farm deployment (e.g. protected environmental
areas or geographical unfeasibility) calls for tools aimed at the
cost-effective optimal placement of wind farms, along with an
optimized micro-siting of their compounding wind turbines. In
this paper a novel multi-objective adaptation of the Harmony
Search meta-heuristic algorithm is developed and tested for
efficiently solving the problem of optimally deploying wind
turbines in wind farms, which is accomplished by simultaneously
addressing two conflicting objectives: the yield production and the
capital cost of the deployment. Experimental simulation results
over a certain region of the Basque Country (northern Spain) will
be presented and discussed so as to shed light on the practical
applicability of the derived solver.

Index Terms—Wind turbine; Micro-siting; Multi-objetive opti-
mization; Harmony Search

I. INTRODUCTION

In the last year wind power underwent an annual worldwide
market growth of almost 10% and a cumulative capacity
of about 19% in Europe, and is expected to uphold this
trend in forthcoming years. Thus, worldwide installed wind
power will exceed 300 Gigawatts of capacity this year with
a total of 225,000 turbines placed globally and an increase
forecast to almost 500 Gigawatts by 2016 [1]. This significant
growth finds its most recent roots in the growing prices of
the traditional fossil fuel, the global environmental concern
embodied in the Kyoto protocol [2], and the institutional
support to renewable energy sources. In this context, wind
energy has experienced the highest growth in comparison to
other types of renewable energy, with most of the wind power
consumed in the world being generated in large wind farms.
This rationale positions wind as one of the most promising
renewable energy sources, and as an important stakeholder
in the energy mix of different countries, which are definitely

betting for its development.
Nevertheless, the installation of wind farms and the micro-

siting of wind turbines involve several important factors that
must be carefully considered when starting a wind farm
project, such as detailed terrain constraints, environmental
issues and restrictions related to radio communication in-
frastructure and impact on protected areas, among others. In
addition, maximizing the yield production is one of the main
goals of any wind farm deployment, even though it generally
stands for an increase in the overall cost of the project. In
this context, the SOPCAWIND (Software for the Optimal
Place CAlculation for WIND farms) FP7 European project
[3] aims at providing a specific tool for the optimum location
of wind turbines within an area previously selected by the
user. For this purpose, a meta-heuristic optimization algorithm
is developed. Specifically, the optimization approach is based
on the Harmony Search (HS) algorithm, a recently proposed
population-based meta-heuristic algorithm which has obtained
excellent results in the field of combinatorial optimization [4].

Since an optimal micro-siting of wind turbines involves
different conflicting objective functions, i.e. yield production
and capital cost of the deployment, a multi-objective formu-
lation of the problem arises. Thus, in order to effectively
obtain solutions differently balancing the trade-off between
both objective functions, this research work proposes a novel
multi-objective adaptation of the Harmony Search (HS) al-
gorithm capable of 1) estimating such a set of wind farm
deployments that differently trade yield production for cost;
and 2) considering relevant factors that considerably affect the
viability of a wind farm project, such as terrain constraints, en-
vironmental issues, restrictions related to radio communication
infrastructure and archaeological heritage, among others. To
this end, information on these constraints is retrieved from an
orchestrated database, based on which a set of forbidden areas
are set and excluded from the overall search space so as to
place wind turbines on feasible zones. In addition, the derived
algorithmic approach also aims to reduce the wake effects
between nearby turbines and hence, a higher yield production



is obtained. The proposed multi-objective HS approach is
tested and validated in synthetic and realistic scenarios in the
Basque Country (northern Spain). The good results obtained
in these simulations highlight the practical applicability of
the proposed algorithm for rendering the aforementioned set
of Pareto optimal wind turbine placements, and fosters its
utilization in cost-effective micro-sitting of wind turbines.

The rest of the paper is structured as follows: first Section II
introduces the novel multi-objective harmony search algorithm
proposed in this work. Then, Section III and IV present the
yield production and the cost model, respectively. Section V
includes some simulation results in a synthetic and a realistic
scenario in The Basque Country (northern Spain). Finally,
Section VI concludes the paper by drawing some concluding
remarks.

II. PROPOSED MULTI-OBJECTIVE HARMONY SEARCH
ALGORITHM (NSHS-II)

From an algorithmic point of view, the optimal micro-
siting of wind turbines under multiple constraints entails a
complex optimization problem, difficult to be solved by exact
calculation methods. Thus, research efforts have so far delved
into the derivation of cost-effective wind farm deployments
by means of near-optimal evolutionary approaches applied to
formulations where the maximization of the yield production
is the unique optimization objective. Nevertheless, maximizing
the yield production often implies an increase in the overall
cost of the wind farm project due to the need for an elab-
orated road infrastructure, cabling, etc. In this context, an
algorithm capable to balance differently the trade-off between
both conflicting metrics – yield production and cost – would
provide the project designer with a set of possible wind farm
deployments from which the final layout is selected. Bearing
this in mind, this research work proposes a novel multi-
objective Harmony Search algorithm for optimally placing the
wind turbines. Since, the Harmony Search algorithm is the
core of the proposed approach a brief description of it is
introduced in next Section II.A.

A. Fundamentals of the Harmony Search Algorithm

The Harmony Search algorithm (HS) [4] mimics the be-
havior of a music orchestra when aiming at composing the
most harmonious melody. As previously mentioned, HS is
a population-based algorithm; it hence maintains a set of
solutions in the so-called Harmony Memory (HM). An es-
timation of the optimal solution (i.e. the positions of the wind
turbines compounding the wind farm at hand) is achieved by
applying a set of optimization parameters to the HM, which
produces a new set of candidate solutions at every iteration.
Adopting the classical notation of HS, each candidate vector
of the HM corresponds to a harmony or melody, whereas note
refers to each of its compounding entries. When comparing the
improvisation process of musicians with the optimization task,
it can be realized that each musician corresponds to a decision
variable that plays a note for finding the best harmony; the
musical instrument’s pitch range refers to the alphabet of the

decision variable; the musical harmony improvised at a certain
time corresponds to a solution vector at a given iteration; and
audience’s aesthetic impression links to the objective fitness
function of the optimization problem at hand. Just like musi-
cians improve the melody time after time, the HS algorithm
progressively enhances the fitness of the solution vector in an
iterative fashion. Due to its potential characteristics, HS has
been widely applied for solving several optimization problems
in different application fields, such as vehicle routing [5],
multicast routing [6], multiuser detection [7], [8], engineering
design [9], radio resource allocation [10] and the access node
location problem [11].

This being said, it should be emphasized that most of the
contributions in the literature around HS refers to single-
objective optimization. However, optimal performance accord-
ing to one objective function often implies performance degra-
dation in other objectives characterizing the problem at hand.
Indeed this occurs when including cost as another objective
conflicting with the yield production when optimally placing
wind turbines, resulting in a multi-objective problem formula-
tion. Consequently, the aforementioned single-objective solver
– useful for maximizing the yield production of a certain
wind farm layout – is evolved to a multi-objective Harmony
Search algorithm (NSHS-II) capable of balancing the trade-
offs between the maximization of the yield production and
the minimization of the deployment cost.

B. Main procedure of the proposed NSHS-II algorithm

In this section, the proposed multi-objective HS algorithm,
hereafter referred to as NSHS-II (Non-Dominated Sorting
Harmony Search Algorithm), is presented in detail. In the op-
timization framework of the proposed multi-objective scheme,
each harmony of the HM encodes the position of the wind
turbines that compose a wind farm. Note that a merged
constraint map, which states whether it is feasible or not
to place a wind turbine at a certain location, restricts the
region where a wind turbine can be located. This merged
constraint map is the output of the impact study module, and is
utilized by the optimization algorithm for generating feasible
wind turbine locations. Furthermore, a defined spacing factor
between the turbines must be applied at every step of the
algorithm.

Figure 1 illustrates the flow diagram of the NSHS-II ap-
proach, employed for finding the optimal positions of wind
turbines at the aim of minimizing the cost of the deployment
and maximizing the annual yield production of the wind farm.
Specifically, the diagram is composed of the following steps:

1) Initialization: this process is only executed at the
first iteration. At this step, the number of wind tur-
bines for each candidate solution Nt(k), where k =
{1, . . . ,K}, is randomly initialized from the integer
set [Nmin, Nmin + 1, . . . , Nmax]. Then, the K vector
entries of the Harmony Memory are filled as follows: the
position of the first wind turbine is randomly generated
within the feasible region (outside the no-go areas), and
then the remaining wind turbines are randomly located



around the first wind turbine considering the constraints
imposed by the merged constraint map and the minimum
spacing between the turbines.

2) Improvisation procedure: this process generates a
set of K newly improvised solutions by sequentially
applying 3 stochastic improvisation operators to each
candidate solution:

• HMCR (Harmony Memory Considering Rate): this
parameter establishes the probability that the cen-
troid of the positions of the wind turbines in the
new harmony is drawn uniformly from the values
of the centroids of all the other K − 1 harmonies.
Once the centroid is selected, the wind turbines are
randomly placed in the neighborhood of the centroid
fulfilling the imposed merged constraint map and
the minimum spacing between the turbines.

 

Fig. 1. Flow diagram of the proposed NSHS-II algorithm.

• PAR (Pitch Adjusting Rate): this parameter refers
to the probability that the new value for a given
note is randomly taken for its neighboring values
considering the imposed merged constraint map and
the minimum spacing between the turbines.

• RSR (Random Selection Rate): this parameter es-
tablishes the probability that the centroid of the
new harmony is randomly taken from any position

outside the predefined no-go areas. The positions
of the wind turbines are randomly placed around
the new centroid considering the aforementioned
constraints. Furthermore, this parameter modifies
the number of turbines of the first vector of the
HM. It operates 50% of the times by eliminating
the wind turbine that is furthest from the centroid,
whereas in the remaining 50% of the time it will
include a new wind turbine at the surroundings of
the centroid.

3) Evaluation of the metric: the new generated candidate
solutions are evaluated at each iteration in terms of two
objective functions: the annual yield production and the
cost of the deployment.

4) Selection procedure: the population is sorted according
to a fast non-dominated sorting procedure in which each
solution is ranked according to its non-dominance level
(1 for the best level, 2 for the next-best, and so on). Then,
in order to estimate the density of solutions around a
particular point, a crowding distance value, which repre-
sents the sum of distances to the closest point along each
objective, is calculated. Hence, solutions with less rank
and larger crowding distance are preferred for updating
the memory [12]. The algorithm iterates by returning
to Step 2 until a fixed number of iterations is reached.
Then the algorithm is stopped and the set of candidate
solutions belonging to the first non-dominance level
represents the non-dominated Pareto approximation.

III. YIELD PRODUCTION MODEL

The main objective of the production algorithm is the com-
bination of the calculated wind map with a specific park layout
and the selected power curve which will results in an overall
yield value for the complete wind park. At each iteration of
the optimization algorithm, different park layouts are created
and directed to the production algorithm which consecutively
calculates and returns the yield values back to the optimization
algorithm. Within the production algorithm, the gross annual
energy production (without wake losses) at any location is
calculated from a combination of the characteristics of the
wind climate (Weibull distribution at that location) and the
power curve of the selected wind turbine type. This is given
by the product between the number of hours in a year for each
wind speed and sector, and the power generated at the wind
speed under consideration.

During this process, wind speeds are normalized for local
air density before the power curve is applied. This is done
according to the IEC61400-12-1 standard:

Vn = V

(
ρ

ρ0

) 1
3

, (1)

where Vn is the normalized wind speed, ρ is the local air
density at wind turbine hub height and ρ0 the reference air
density (typically 1.225 kg/m3). On the other hand, wake
losses are calculated using the Jensen wake model. It assumes
a linearly expanding wake with a velocity deficit that is only



dependent of the distance behind the rotor. The wake diameter
is given by

Dw = D(1 + 2ks), (2)

where s is the relative distance behind the rotor s = x/D and
k the wake decay constant (typically k = 0.075 onshore). The
wind speed in the wake is calculated by

V = V0

(
1− 1−

√
1− CT

(1 + 2ks)2

)
, (3)

where CT is the thrust value, found in the thrust curve of the
selected wind turbine type.

IV. COST MODEL

The cost model calculates the estimated cost of the de-
ployment of a particular park layout. This metric is used
by the optimization procedure to select the best encountered
harmonies at each iteration that differently balances the trade-
off between yield production and cost.

Since this metric is utilized for layout optimization, the cost
refers to the factors that directly depend on the wind farm
layout, i.e. capital cost, layout cost and grid connection cost.
The cost of a wind power project is known to be dominated
by 1) the cost of the wind turbines, which entails around 70%
of the total deployment cost; and 2) the cost for operations
and management, which also depends on the number of
wind turbines. Other associated costs, such as planning and
miscellaneous account for the 10% of the total cost and do
not depend on the layout hence, are not included in the cost
calculation function.

A. Capital Cost

The capital cost comprises the cost of the turbines that
compose the wind farm. The largest costs components are the
rotor blades, the tower and the gearbox. In order to introduce
this cost to the objective function the following expression is
used:

Ccapital = NCturbine, (4)

where N refers to the optimized number of turbines between
the predefined minimum and maximum number of wind
turbines set by the user.

B. Layout Costs

The layout costs include an estimation of the road construc-
tion cost and the cost of running cable between all the turbines
of the park. Both costs are calculated based on the Euclidean
distances and can be obtained by the following equation:

Clayout = d(Croad + Ccable) (5)

where d is the total sum of the inter-turbine distances of
the wind farm, Croad corresponds to the cost (e/m) of road
construction; and Ccable refers to the cost of running cable
(e/m).

C. Grid Connection Cost

Grid connection costs (including the electrical work, elec-
tricity lines and the connection point) are typically 10% to
14% of the total cost of onshore wind projects [13]. In this
context, an estimation of the grid connection cost, calculated as
the cost of running cable to the closest substation, is included
in this cost term:

Cgrid = dsubstationCcable, (6)

where dsubstation refers to the radial distance to the nearest
substation obtained by GIS functionalities. The reference
position to obtain this distance is the position of the centroid
of the park layout.

Having these definitions in mind, the overall cost associated
to a candidate layout is the sum of each individual cost
contribution as

Ctotal = Ccapital + Clayout + Cgrid. (7)

V. SIMULATION RESULTS

This section presents the simulation studies performed in
synthetic scenarios and in a realistic scenario located in the
Basque Country (northern Spain). Firstly, Figure 2 depicts
the synthetic scenario in which the NSHS-II algorithm has
been tested, where contour lines bound areas with similar
wind energy potential: blue lines delimit zones with low
wind energy, whereas red lines correspond to areas with
high average wind power and therefore, higher expected yield
production. It is important to note that this first synthetic
scenario aims at solely verifying that the algorithm produces
an optimal yield-maximizing set of coordinates of the wind
turbines without any cost considerations or forbidden areas.
After the application of the proposed solver, the positions of
the wind turbines (circle points) result to be in the area of
major wind potential (red lines). Therefore, the algorithm is
capable of locating the wind turbines in a region for which a
major annual yield production is obtained.

 

Fig. 2. Location of wind turbines in a synthetic scenario.

Once the capability of the proposed tool to maximize the
yield production in unconstrained scenarios has been proven,



the discussion follows by proceeding with a realistic sce-
nario located in the north of Spain (Basque Country), which
comprises a number of turbines in the range [Nmin, Nmin +
1, . . . , Nmax] = [2, 3, . . . , 10], which is set beforehand by the
designer. The turbine model selected is a Vestas V90 2MW
with a rotor diameter of 90m and a hub height of 80m. The
minimum factor spacing between the turbines is 2 times the
rotor diameter of the turbine.

The results obtained for The Basque Country sce-
nario, bounded by the square in UTM coordinates
[507876, 4751563, 513854, 4742762], are exemplified by one
of the produced Pareto optimal deployments shown in Figure
3 (right), which must be compared to the actual wind farm
deployment shown in red markers in Figure 3 (left). Black-
filled areas denote those geographical locations where the
installation of wind turbines is not feasible due to any of
the aforementioned constraints. The purpose of the validation
in realistic scenarios is to test that the proposed NSHS-II
algorithm is able to obtain near-optimal wind farm layouts;
the wind farm solution is deployed in the permitted zone of
higher wind potential; and that a wide range of non-dominated
wind farm deployments are obtained in both objectives, the
maximization of yield production and the minimization of
cost. When comparing the location of the wind farm solution

   

Fig. 3. Actual wind farm deployments (left). A wind farm solution obtained
for the NSHS-II algorithm (right).

with the wind intensity of the region in Figure 4 (right), it
can be observed that the proposed NSHS-II algorithm situates
the wind farm layout in the region of major wind power.
Furthermore, the distribution of the wind turbines is similar
to an existing wind farm deployment. However, due to first or
second level constraints the area in which the other wind farms
are deployed is not available anymore. This result elucidates
a good behavior of the algorithm when dealing with larger
regions and highlights the importance of the impact studies for
restricting the feasible area in which turbines can or cannot
be located.

The approximation of the Pareto front obtained by the
proposed NSHS-II in several Monte Carlo simulations is
presented in Figure 5. Each of the points of the Pareto front

     

Fig. 4. A wind farm solution obtained for the NSHS-II algorithm (left).The
wind power (right).

represents a specific wind farm layout. As it can be observed, a
high diversity (high number of points) is obtained, which but-
tresses the capability of the multi-objective HS algorithm in the
search of layouts differently balancing the trade-offs between
both objective functions (cost and annual yield production).
Future validation issues will focus on testing the optimization
tool in different scenarios and on comparing the outcomes
of the SOPCAWIND optimization tool with respect to other
alternative approaches as WINDPRO or manual optimization.

 

Fig. 5. Pareto front approximation obtained after Monte Carlo simulations.

VI. CONCLUDING REMARKS

Wind energy plays an essential role in the worldwide
energy supply, and the number of wind farms is expected to
increase accordingly in forthcoming years. From the designer’s
perspective, the main goal when harvesting wind energy
is to sketch wind farm layouts by 1) meeting all existing
geographical constraints; 2) maximizing the obtained yield
production; and 3) minimizing the cost of the deployment.
In this context, this paper presents a novel meta-heuristic ap-
proach based on the Harmony Search algorithm for efficiently
solving the problem of optimally deploying turbines in wind



farms under the aforementioned criteria and constraint set.
The performance of the obtained multi-objective HS algorithm
(NSHS-II) is assessed by several Monte Carlo realizations in
a real-based scenario in the Basque Country (northern Spain).
The achieved results provide a diverse set of Pareto optimal
solutions representing the encountered wind farm layouts
within a predefined project area. Therefore, the proposed tool
will help any given wind farm designer to optimally select the
layout of the wind farm according to the specific requirements
of the project and existing location constraints of the region.
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