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Currently, wind power is a leader in the renewable energy sector. One of the many
advantages of the development of renewable energy sources is small harm to the en-

vironment. Nevertheless, in order to install a wind farm we must overcome a number
of obstacles associated with it. One of the many stages of the construction of wind
turbines is designing its proper location. It is a very complex process, in which a num-
ber of criteria must be analysed, often hardly comparable with each other and even
contradictory. The paper presents the concept of selecting a wind farm location using
multicriteria optimisation methods.
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INTRODUCTION

One of the many reasons for interest in wind
farms is the systematic use of traditional energy
resources, such as natural gas, oil or coal. Fur-
thermore, the increase of carbon dioxide emis-
sions into the atmosphere encourages us to seek
alternative energy supplies [4, 9]. Issues related
to the use of renewable energy sources are cur-
rently the subject of many scientific studies, both
in Europe and worldwide [15, 19].

One of the sources of renewable energy is
wind power, whose share is growing quite rapidly.
Nevertheless, it is accompanied by a lot of barriers,
which can include: legal, social, financial and tech-
nical aspects, the latter including geographical lo-
cation and accessibility to the energy network. De-
spite the many problems that need to be addressed
in the design and installation of wind farms, their
number is constantly growing [18, 21].

WIND ENERGY DEVELOPMENT

The use of wind as an energy resource is an
alternative to traditional methods of generating

energy because it does not emit any pollutants. At
wind speeds greater than 5 m/s the unit price of en-
ergy obtained from wind power is more economi-
cal than the price of electricity from conventional
thermal power plants. The constantly growing
development of wind energy entails a decrease in
energy costs and encourages investors to construct
and install wind farms. However, to build a wind
turbine requires certain specific wind conditions
in the area so that they are optimal and generate
profits rather than losses. Analysing the wind en-
ergy market in other European countries and in the
world, Poland has a rather weak performance in
the rankings. This is due to the natural conditions
of the country, which lacks sufficient exposure to
strong winds. Currently in Poland large wind farms
are built in locations identified as beneficial, given
the prevailing wind conditions, so that expendi-
tures generate profits. Figure 1 presents a summary
regarding the participation of wind generation in
the electricity consumption in 2004-2010 in Po-
land [6, 7] and a comparison with selected Europe-
an countries. Currently, the number of installations
of wind farms is growing steadily.

The wind energy sector is developing in two
main directions, i.e. land wind power (onshore
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Fig. 1. Market share in wind power capacity: a) in Poland during 2004-2010 [14, 21];
b) in EU member states during 2012 (in MW) [20]

wind power), and sea wind power (offshore wind
power). Land wind power stations comprise sev-
eral different solutions:

e large-scale wind power generation, which
includes a single turbine with a typical capaci-
ty of more than 1 MW and wind farms consist-
ing of several dozen wind turbines that gener-
ate electricity in order to sell it to the network,

e distributed wind power (small and distrib-
uted wind energy), which consists of single
wind turbines with a capacity not exceed-
ing 100 kW, located mainly in the vicinity of
farms as an alternative energy source,

e medium scale wind energy, which can in-
clude a single turbine with a capacity in the
range of 200-600 kW, connected to the grid,
owned by individual customers, small busi-
nesses and the local community.

An important direction is the development of
offshore wind energy, with the wind farms located
out at sea. Currently, there are wind turbines with
a horizontal axis of the rotor and three blades, and
towers to the height of 100 meters. Wind farms
can harness the power of up to 30%; in the case
of offshore wind farms the efficiency ranges from
40% to 50%.

Standard wind turbines start working with the
wind speed of 3 m/s and achieve nominal power
at about 12 m/s [4]. Currently, we can distinguish
many different types of wind turbines, which can
include: reel, carousel, Darrieus, Beoning MOD-
2 and rotor Savonius [14, 21].

According to a studyin Poland, almost 40%
of the country can be used for wind energy, tak-
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ing into account the criterion of profitability in
1000 kWh/m?/year at the height of 30 minrough-
nessclass 7’07, assuming that the wind speed is
about4m/s. According to the observational data
of the Institute of Meteorology and Water Man-
agement, the most favourable conditions in terms
of wind energy resources are to be found in the
areas below:

e Baltic Sea coast, and in particular its central
stretch, Koszalin area, northern part of the Hel
peninsula and the island of Uznam,

e Greater Poland and Masovia,
e The Silesian and Zywiec Beskid Mountains,

e The Dynéw Foothills and the Bieszczady
Mountains.

Figure 2 presents (in blue) the capacity in-
stalled with the number of wind turbines by 2012
[6, 71.

The wind speed and direction at a given point
consists of a number of factors which can include:
terrain, air temperature, the local atmosphere
equilibrium, the type of land cover (roughness),
the presence of bodies of water, all kinds of build-
ings, large trees, etc.

Wind speed is constantly changing: it is dif-
ferent in the summer and in the winter. Even
during the day it varies: the biggest wind speeds
are recorded in the afternoon. It may result from
turbulence and vertical exchange of momentum,
which decreases in the evening. It may also be
noted that the greatest wind speeds occur in the
winter months. Analysing the wind conditions for
the installation of wind farms we should consider
the average wind speed at a certain use exporters
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Fig. 2. Installed capacity (in blue) with the number of
wind turbines by 2012 [3, 6]

and the distribution of wind speed over time. Fig-
ure 3 presents the course of the wind flow through
a classical wind turbine, the type most often used
in wind farm construction in Poland.

The power output of the wind power gen-
erated in the engine obtained from the air flow
seen from the air kinetic difference before and
behind the rotor. Expression (1) contains the for-
mula for the power carried by the wind passing
through a circular surface defined by the rotation
of the rotor.

P :p_rt - .Vﬂ.‘v;—vf
2 2

Formula (1) describes the power carried by
the wind passing through the circular surface of
the rotor rotation specified where [3, 12]:
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N
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Fig. 3. .Flow diagram of the wind through the wind
turbine [3, 14]

P, — wind power output [W],

p — air density [kg-m~],

v, — the average speed of air flowing through the
rotor [m-s™],

v, —wind speed upstream of the rotor [m-s'],

v, —wind speed for the rotor [m-s™],

r — the radius of the rotor [m].

THE CONCEPT OF SELECTING THE WIND
FARM LOCATION

The process of designing and establishing a
wind farm location is a multi-stage activity. In
[15] the authors propose an approach which distin-
guishes several steps, as shown by Figure 4.

To determine the optimal location, the authors
[15] use GIS system tools and the ELECTRE TRI
method. On the basis of the collected field data,
determining a set of restrictions imposed on them,
e.g. the deployment of existing farms or the loca-
tion of urban areas, and defining and adopting a
set of criteria considered, the authors arrived at a
base of potential farm locations.

The GIS is a computer system used for captur-
ing, storing, checking, integrating, manipulating,
analysing and displaying data related to positions
on the Earth’s surface. It is used to manipulate
multiple objects associated with map databases.
GIS functions allow to represent several different
layers, each layer having data on a particular type
of function. Each feature is associated with the
location of the graphic image of the map. Details
concerning the action phases carried out by the
GIS method were described by those authors in
article [16], Figure 5.

Used by [15, 16], the ELECTRE TRI method
allows for the classification of decision variants to
predefined ones and of orders from best to worst
(descending) and from worst to best (ascending).
The result of the obtained rankings depends on
the adopted parameters of the calculation process.
The assigned variances reflect in some way the
categories of solutions defined as obtained by the
process from a pessimistic or optimistic point of
view. Due to the increase in interest in wind power
and installation of wind farms, many profession-
als constantly strive to use the best methods that
will allow them to select the best locations for the
construction and installation of wind farms.

The essence of this approach is the separation
of the stage of generating a database of available
farm localization from the stage of selecting the
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Feasible Locations

Optimal sites for
onshore wind farms

Fig. 4. Action scheme used in establishing the location of wind farms in the region of Murcia in Spain [15]

Fig. 5. Example of GIS layers [16]

optimal solutions by using one of the available
methods of multi-criteria optimisation — ELEC-
TRE TRI. The authors of the present study pro-
pose their own approach, illustrated in Figure 6.
From the literature data it appears that there
are certain restrictions that must be met. After
reducing the restrictions by using GIS tools a
graphical representation is created of possible lo-
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cations for wind farms. The next step is to define
a series of criteria that must be met and the analy-
sis of those criteria must be maximised (or mi-
nimised) are determined group of non-dominated
solutions. Using the methods of multicriteria op-
timisation we arrive at a specific group of feasible
solutions that allow to identify a set of optimal
locations of wind farms.

At the design stage, wind farms should con-
sider a number of different factors. Some of them
may be treated as limitations, and some as opti-
misation criteria. The difference between them
is that limitations have to be met, while criteria
are optimised. Depending on what they describe,
we try for them to achieve the lowest or the high-
est possible value. In [15] the authors distinguish
4 different categories of criteria: environment,
orography, location and climatology. It seems that
at an early phase of determining a wind farm’s
localisation one should first of all precisely define
the limitations set, which will be significantly re-
duced by available localisations. The most impor-
tant limitations that should be considered include
hardly comparable and even contradictory cri-
teria. Therefore, determining the location of the
construction phase and the placement of wind tur-
bines is a very difficult and complicated process,
requiring extensive knowledge of various fields
of engineering. The most important criteria to be
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Fig. 6. Proposed action scheme in establishing the location of wind farms

specified are: wind speed, roughness of the ter-
rain, type of land, flickering lights (between the
blades of a windmill), noise produced by wind
installations, impact on the environment, distance
from residential areas, tourist attractiveness, price
of land or land lease.

In articles [15, 16] the authors take into ac-
count additional criteria, such as distance to power
lines, land inclination, distance to main airports
and distance to electricity transformer substations.
It should be noted, however, that all the criteria are
expressed in different units, such as wind speed
in m/s, the roughness of the terrain in classes, the
price of land, the minimum distance from built-
up areas in meters. Other criteria are in different
units, moreover, it must be added that some of the
criteria we will want to maximise and minimise.
We will maximise the wind speed or the distance
from residential areas, while minimising the crite-
ria related to noise, flicker effect, the price of the
land or the impact on the environment.

At the design stage wind farms should con-
sider a number of criteria, which is difficult with
most of them being hardly comparable. Currently,
to solve complex optimisation tasks we use evo-
lutionary algorithms that allow to obtain satisfac-
tory results.

MULTIOBJECTIVE EVOLUTIONARY
ALGORITHMS

The adopted set of criteria allows one to build
a task of multi-criteria optimization wind farm the
location. Generally, the decision maker should
seek to reduce the number of criteria, because
then the task becomes easier to calculate and in-
terpret, especially when the number of criteria is
3 or 2. The number of criteria can be reduced in
three ways: moving some of the criteria to the set
of restrictions and giving them values satisfying
the decision-maker, aggregation of selected cri-
teria in to one criterion (criteria expressed in the
same units) and by removing from a set of (crite-
ria corresponding to another criterion).

The use of multicriteria optimisation to find
the optimal solution is not as simple as in the case
when we consider one of the criteria and are look-
ing for the largest or smallest value of the objec-
tive function [1, 2]. The aim of multicriteria opti-
misation is to find the optimal solution, which is
acceptable from the point of view of each crite-
rion [5, 8, 17]. Today, for solving multicriteria op-
timisation evolutionary algorithms are commonly
used. The principle of operation of an evolution-
ary algorithm consists in treating the population
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of individuals, each of which is a proposal to
solve a specific problem. All individuals are as-
signed a value, called adaptation of the subject;
moreover, they are equipped with a genotype,
based on the created phenotype. The principle of
the algorithm is then to repeat the loops, which
follow each other: reproduction (genetic opera-
tions), evaluation and succession [10].

One of the evolutionary algorithms which can
be used for the design of wind farms is the Non-
dominated Sorting Genetic Algorithm (NSGA).
It uses Goldberg’s method from 1989 and fo-
cuses on the distribution of individuals eligible
(those that satisfy all the constraints imposed in
formulating tasks) in subpopulations, taking into
account the rank assigned to each analysed solu-
tion. The method can be used to solve problems
with multiple criteria, in both cases minimising
and maximising the criterion function. Next, us-
ing the method of measuring the niche guarantees
to cover a set of solutions. The NSGA algorithm,
Figure 7, by giving the same value to creating a
subset of individuals to adapt non-dominated so-
lutions, provides the same reproductive potential
of many different individuals [13].

The steps of the NSGA algorithm:

1) With a population of feasible solutions P, all
individuals that are not dominated eligible for
the first subset (Front 1).

2) Individuals form a subset which receives the
same amount of artificial adaptation (Front 1
will be set to 1).

3) The group of nondominated individuals (form-
ing Front 1) is temporarily eliminated from the
set of feasible solutions.

4) The remaining population is subjected to the
same mechanism as in points 1-3 to form suc-
cessive subsets (Front 2, 3, etc.). The broad-
cast of artificial adaptation is as follows: for
Front 2 — 1/2, for Front 3 — 1/3, etc.

5) The end of the division after the classification
of the whole population of feasible solutions.

6) After the sorting of the entire population of
feasible solutions is carried out, operations of
selection, crossover and mutation take place
and create a new population of P, (where
G=G+1).

The share of individuals in this process de-
pends on the value of the adaptation.
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The NSGA algorithm presented above can be
used in the design of wind farm location. Given
the many criteria that we need to consider, and the
fact that several of these criteria you will want to
minimise and maximise, an attempt to implement
the above evolutionary algorithm will provide a
set of optimal solutions.

In the case of the NSGA method the selection
of optimal solutions was made in the set of feasi-
ble solutions, i.e. those that met all the restrictions
introduced. Choosing the best wind farm location
in the area may also be implemented by a search
in the set of nondominated solutions. Such solu-
tions, of course, meet all of the restrictions intro-
duced, but none of them is able to exclude the
others. In the mathematical sense such solutions
are thus equal, and to separate them new computa-
tional mechanisms and sorting conceptions must
be used. One such proposal is optimality in the
sense of the nondifferentiation interval, described
by Montusiewicz [11, 12]. This approach does
not use Euclidean metric, but introduces decom-
position of the neighbourhood to neighbourhoods
considered in terms of the individual criteria. As-
sessments of these neighbourhoods are, however,
dealt with simultaneously and interlinked, which
means that we are still dealing with a multicriteria
task (Fig. 8).

Solution assessments F(x+) and F(x") are
nondominated, because solution x* has a lower
value of criterion F, and a higher value of crite-
rion F, than solution x+. The method introduces
a modified mutation, which “worsens” virtually,
by an amount calculated from the accepted non-
differentiation interval PN, the components of the
criteria which had lower values for the solution
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Fig. 7. Selection in NSGA algorithm for the case of
maximising both criteria
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Fig. 8. The task in two-criteria minimisation: Q — so-

lution assessment lying outside the domination cone,

@® — solution assessment belonging to the domination
cone [11]

assessments compared. After this move it can be
seen that the assessment of solution F’(x") is in-
side the domination cone positioned in the assess-
ment of solution F(x+), which means that solution
x” is not optimal in the sense of nondifferentia-
tion interval and is eliminated.

The use of the described mechanism allows
for the separation of the set of nondominated solu-
tions in to subsets of solutions which are optimal
in the sense of nondifferentiation interval. The
first generated subset will have the most impor-
tance to us. Firstly, it will be less numerous than
the original set. Secondly, it will include solutions
that are insensitive to small fluctuations of the cri-
teria resulting from the adopted simplifications in
the calculation model used. In a smaller subset of
solutions it is easier to carry out further analysis
that will help us make the final decision. The re-
sulting split will be in part dependent on the value
of the PN. For this reason, it is worth performing
the process of calculation for different values to
see what is the sensitivity of individual solutions
to changes in the value of the PN.

CONCLUSIONS

The study shows that the subject matter con-
cerning the location of wind farms is an issues till
under taken in research work in EU countries. For
this purpose, the authors also apply multicriteria
optimisation methods, e.g. the ELECTRE TRI
method.

Wind energy in Poland has a large potential
for the installation of wind farms both onshore

and offshore. Modern wind energy, taking into
account other energy production technologies, is
beneficial both in terms of the future climate and
the economy, greatly increasing the chances of re-
gional development.

The concept of using evolutionary algorithms
to solve multicriteria technical issues, as this arti-
cle tries to point out, can be one of many possible
solutions related to the selection of the correct lo-
cation of wind farms.

The authors of the article present their own
approach to assist the process of optimal choice
of wind farm location, based on the use of the
concept of optimality in the sense of nondifferen-
tiation interval.
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