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a b s t r a c t

Due to increasing penetration of wind energy in the recent times, wind farmers tend to generate
increasing amount of energy out of wind farms. In order to achieve the target, many wind farms are
operated with a layout design of numerous turbines placed close to each other in a limited land area
leading to greater energy losses due to ‘wake effects’. Moreover, these turbines need to satisfy many
other constraints such as topological constraints, minimum allowable capacity factors, inter-turbine
distances, noise constraints etc. Thus, the problem of placing wind turbines in a farm to maximize the
overall produced energy while satisfying all constraints is highly constrained and complex. Existing
methods to solve the turbine placement problem typically assume knowledge about the total number of
turbines to be placed in the farm. However, in reality, wind farm developers often have little or no in-
formation about the best number of turbines to be placed in a farm. This study proposes a novel hybrid
optimization methodology to simultaneously determine the optimum total number of turbines to be
placed in a wind farm along with their optimal locations. The proposed hybrid methodology is a com-
bination of probabilistic genetic algorithms and deterministic gradient based optimization methods.
Application of the proposed method on representative case studies yields higher Annual Energy Pro-
duction (AEP) than the results found by using two of the existing methods.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Wind energy has turned out to be a promising alternative en-
ergy source in order to compete with the depleting conventional
sources. Due to its wide-scale availability, low cost and environ-
ment friendly operation, the idea of utilizing wind power at a
massive scale has become a primary focus in the power industry,
government policies and academic research [1e3]. According to the
Global Wind Energy Council (GWEC) [4], the global cumulative
installed wind capacity has increased from 6100 MW to
3,18,105 MW in the last two decades and is expected to reach
1,100 GW over the next five years (~12% of electricity supply of the
world). The standard systems engineering approach of capturing
the potential wind energy in a farm is to place wind turbines at
optimal locations, known as micro-siting, and thereby tapping the
maximum energy out of it. The problem of micro-siting optimiza-
tion is not trivial due to various challenges involved in problem

formulation and development of solution methodology. The chal-
lenges related to problem formulation appear while handling
different kind of constraints such as inter-turbine distance, topol-
ogy, overall capacity factor, longevity of turbine life, turbine noise,
consideration of turbine wakes etc. While dealing with above
constraints, micro-siting problems often lead to mixed integer
nonlinear programming (MINLP) formulations for which the
methodologies which can guarantee the global solution are yet to
be developed. Moreover, the fact that the predictions of the com-
mercial softwares [5e7] for designing the layout of turbines in a
wind farm till date are still not up to the mark [2] and human
intervention is required to reduce the installation and operational
costs, shows the scope of improvement in this field both in terms of
development of methodologies for efficient problem formulation
and solution technique.

A huge amount of work has been done in the area of micro-
siting over the past two decades [8e10], where binary-coded Ge-
netic Algorithms (GAs) have been used to maximize the net Annual
Energy Production (AEP) with less installation cost over fixed
number of turbines in a wind farm. Mosetti's [8] work showed the* Corresponding author.
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effectiveness of GA for solving such problems. The results for
different wind conditions shown in this work were improved later
by Grady [9] by considering a higher population size and number of
generations thus allowing candidate solutions to have sufficient
time to converge. In the study of Emami and Noghreh [10], the
conflict of AEP and the cost involved in the project was expressed in
the form of weighted sum of these two objectives and better results
were found for certain set of weight values in the objective func-
tion. These studies consider a farm of regular shape (rectangle) that
can be sub-divided into several cells of the size of five times the
rotor diameter of the turbines. Assuming only one turbine can be
accommodated in each of these cells, these formulations ensure the
turbines are placed sufficiently away from one another to avoid
wake effects. Mittal [11] considered cells 40 times finer in a grid and
showed the effectiveness of the approach by improving the earlier
results [8,9] substantially. Wan et al. [12] used real coded GA to
solve the positioning problem of fixed number of turbines and
obtained better results as compared to the work of Grady [9]. Mora
et al. [13] proposed variable length chromosomes in GA to handle
different types of turbines in micro-siting and developed novel
crossover and mutation operators to handle these chromosomes of
different lengths. Gonzalez et al. [14] proposed another variable
length codification in an efficient GA setup to optimize the layout of
turbines by calculating net yearly income obtained by selling net
energy produced by each turbine considering various kinds of en-
ergy losses. The step of codification represents each of the chro-
mosomes as different layouts, where the length of chromosome is
driven by the total number of turbines in a farm and information
related to turbine attributes is also coded. Apart from GA, other
evolutionary techniques such as Imperialist Competitive Algorithm
[15], Strength Pareto Evolutionary Algorithm (SPEA) [16], Ant Col-
ony Optimization [17], Particle Filtering Approach [18], Particle
Swarm Optimization [3] etc. were used to deal with the optimal
placement of turbines in a wind farm layout and solve different
single or multi-objective optimization formulations. In another
multi-objective formulation, Kwong et al. [19] considered the
maximization of AEP and minimization of the noise level for a fixed
number of turbines in a wind farm. Zhang et al. [20] presented
Constrained Programming andMixed Integer Programmingmodels
to maximize the total farm-level energy produced for simple to
complex wind scenarios. Currently, several commercial software
programs are available addressing the problem of wind farm layout
and design. The most widely used is WAsP [5], which offers mod-
ules that allow assessing wind behavior in complex terrain using
computational fluid dynamics (CFD). It helps to develop wind farm
design by considering previously obtained wind climate observa-
tions and wake effect is calculated using Katic model [21]. Wind-
farmer [6] optimizes the layout using Reynolds Average
NaviereStokes (RANS) based CFD model. It considers uncertainty,
noise, and electrical infrastructure as additional aspects. WindPro
[7] designs the layout by sequentially adding the wind turbines at
positions with maximum available energy while optimizing the net
AEP of a farm.

Most of the existing models and software packages solve the
micro-siting problem assuming the total number of turbines in a
wind farm is fixed i.e. the rated power capacity of a wind farm is
known and the goal here is to find out the turbine locations. In this
case, the problem is a nonlinear programming problem, where
turbine locations are the only decision variables. Under different
circumstances, either the rated power capacity has been driven by
certain business decisions or it has been arrived at based on past
experiences of the experts. There are issues with either of these
approaches. If the rated capacity is higher than the optimal rated
capacity (which is unknown and needs to be found out), the rated
capacity will be misleading and will never be realizable. On the

other hand, if the rated capacity is lower than the optimal value, the
purpose of tapping the full potential of wind energy can be jeop-
ardized. However, the optimal rated capacity can be found by
formulating an optimization problem which can calculate the total
number of turbines that can be placed in a farm layout as well as
their locations. A common practice observed in many practical in-
stallations is to erect as many turbines as possible in a wind farm
ignoring the wake effect and thereby generating an inefficient as
well as sub-optimal micro-siting plan. Therefore, it is more realistic
to find out the optimal total number of turbines as well as their
locations simultaneously while performing micro-siting in pres-
ence of several other constraints.

Though some of earlier studies address this issue of simulta-
neous determination of optimal total number and locations of
turbines in a wind farm, a severe compromise has been made in
terms of assuming the locations of the turbines only at fixed loca-
tions. For example, a wind farm is divided into certain number of
cells and the center of the cell is assumed to be the only location of a
turbine in that cell. No additional constraint for tackling the inter
turbine distance has been considered; instead the size of each of
these cells is assumed to be some integer times (e.g. five times) the
rotor diameter of the turbine. Simultaneous determination of
optimal total number and locations of turbines in a wind farm for
an objective, say maximization of AEP, involves both binary (“yes/
no” decisions for turbines at several locations) and continuous
variables (turbine coordinates) and leads to mixed integer (non)
linear programming (MINLP) formulations. Assuming the total
number of turbines to be installed is Nt and the whole farm area
under study is divided into Ncell units, the possible number of
distinct solutions that has to be considered during optimization can
be given by (1) [22].

Nsol ¼
�
Ncell

Nt

�
¼ Ncell!

Nt !ðNcell � NtÞ! (1)

The size of the problem and thereby the complexity increase
with the increase in number of cells in the search space (the case of
division of the wind farm into finer grids) and the problem size
could be unmanageable after a certain extent of granularity in the
grid/cell size. Recently, Chen et al. [23] adopted a mix of real and
binary coded GA to solve this problem where each layout is rep-
resented by a triplet of a fictitious number (Nf number for each of
them) of x, y coordinates and binary variables. Depending on the
number of ‘1's present in the Nf binaries, the total number of tur-
bines in a layout is calculated whereas their corresponding x and y
coordinates are their respective locations in the layout. Since the
total number of turbines is not known here, several optimization
runs with different values of Nf are recommended. The amount of
complexity involved in this formulation can be guessed from the
estimates of number of solutions to be considered from (1) since
the real values of the coordinates can assume any value within the
given bounds. In another study, Kulkarni and Mittal [24] developed
a novel heuristic approach, where the optimal number of turbines
and their optimal locations can be found out simultaneously in
order to maximize the net AEP and minimize the wake losses in a
wind farm. It suffers from the drawback of other grid-based
methods: since all candidate turbine-locations lie on the grid,
possibly better locations lying between grid-points can never be
chosen. Moreover, refining the grid resolution to better represent
the wind farm area may make the problem computationally very
demanding. Another limitation of this approach is that the per-
formance of the algorithm is driven by the selection of the starting
solution. To overcome these limitations, a novel hybrid methodol-
ogy has been proposed in this work which makes use of a bi-level
optimization formulation. GA has been used in the first level to
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