
Abstract—The MCDA methods  are used in  order to  solve
complex decision-making problems which require considering
many interrelated criteria. They are also the basis of DSS. Nev-
ertheless, these dependencies between criteria can have an in-
fluence  on  the  obtained solution.  A class  of  decision-making
problems, in which there are intercriteria dependencies, are de-
cisions in the sustainability area, e.g. selection of a location and
a design of an RES-based power station. The article presents a
complex  model,  taking  into  consideration  dependencies  be-
tween criteria.

I. INTRODUCTION

NE  of  the  greatest  challenges  of  energy-saving  in
Poland and  other  countries  of  the world  is  its  adap-

tation to the demands of low carbon economy characterized
mostly by the use of renewable energy sources (RES) [1]. 

O
The  Polish  Energy  Law  Act, which  is  a  source  of

renewable energy, defines the following: wind energy, solar
energy, geothermal energy, sea wave and tidal energy, river
fall  energy, biomass energy, energy from landfilled biogas
and biogas produced in the process of sewage disposal and
treatment  or  decomposition  of  plants  and  animal  remains
[4]. Among the above-mentioned RES, the greatest potential
for energy production, which can be found in Poland and the
EU have wind farms [2], [3].

The selection of a location [5] and of a project design [6]
will lead to the successful implementation of a wind farm
project.  These  choices  determine  the  efficiency  of  wind
power plants and also have an effect  on the environment,
benefits  and  costs  [7].  The problems of  location selection
and project design selection, as well as other decision factors
related  to  RES  management,  are  multi-criteria  decision-
making problems which  require  the  examination  of  many
contradictory  and  mutually  correlated  criteria  which
encompass  technological,  economic,  environmental  and
social  issues  [5],  [6],  [8],  [9].  Decision-making  methods
which  consist  of  a  sole  criterion  are  unable  to  cope
efficiently with such decision problems [10]. While solving
such  problems,  multi-criteria  decision  analysis  (MCDA)
methods  can  be  applied,  as  they  can  handle  complex
decision  processes,  multiple  and  conflicting  evaluation
criteria, different scenarios, preferences of decision-makers,

several sources of uncertainty and specific time frames [11]
[12]. Many  Decision Support Systems (DSS) are based on
MCDA  methods  and  algorithms  and  used  for  solving
environmental  problems  and  those  relating  to  the  power
industry  [13].  DSS  provide  knowledge  indispensable  for
making decisions and maximize the results of processes of
decisions,  by  lifting  cognitive,  special  and  economic
restrictions of the decision-maker [14].

The  aim  of  this  article  is  to  establish  a  multi-criteria
decision model,  based on MCDA methods,  which solve a
decision problem comprising of the selection of a location
and a project  design of an onshore wind farm. The model
should not bypass the complexity of the decision problem,
but should take into account mutual dependencies between
criteria and the influence of some criteria on other ones. This
model could become a DSS engine for  RES management,
while paying particular attention to wind farms. 

Section  II  displays  the  analysis  of  the  explanations  on
decision support  related to the design  and  construction  of
wind farms. The pre-selection of evaluation criteria of wind
farm  location  and  design  was  made  according  to  the
implementation of the analysis. The evaluation criteria were
incorporated into a decision model, which was presented in
Section  III.  Section  IV  contains  a  summary  of  research
results, and further research directions are also pointed out.

II.  LITERATURE REVIEW

Publications regarding  the decision  for  support  in  wind
energy mostly include the construction of decision models as
well  as  that  of  DSS  and  GIS  (Geographical  Information
System) systems. 

An  example  of  constructing  a  decision  model  for  the
selection  of  a  wind  farm  location  is  [15].  In  this  paper,
evaluation criteria and their importance were presented in a
decision  model  for  the  sake  of  selecting  a  wind  farm
location. On the other hand, in  [16]  a decision model was
devised  in  order  to  compare  different  RES  technologies
(wind energy received the highest rank), and it subsequently
modified in order  to select  a location of an onshore wind
farm.  The  issue  of  devising  a  decision  model  for  the
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selection of an onshore wind farm location is also dealt with 

in [17], and an offshore one received a similar treatment in 

[5]. GIS decision systems were suggested, amongst other 

things in [18], [19], [20], [21]. These systems evaluate the 

potential of onshore areas regarding the situation of wind 

farms nearby. Similarly, in [22] a GIS was presented; 

itallowed the evaluation of a location of hybrid power 

stations based on wind and solar energies. In [23], a GIS-

based DSS system analyzing the potential of onshore wind 

farm locations was discussed. The problem of the 

construction of a DSS for selecting an offshore wind location 

was attempted in [24], [7]. As far as decision problems 

relating to the project design of a wind farms are concerned, 

these were discussed in [6], [25]. The technical aspects of 

wind turbines are also related to farm designs[8] as well as 

wind farm development evaluation, in the bigger picture 

[26].  

The AHP (Analytic Hierarchy Process) [27] method is 

used in selecting a location or a design of a wind farm, both 

in its crisp and fuzzy [28] [29] versions. It is primarily 

employed to determine the importance of criteria. A 

generalization of AHP, namely ANP (Analytic Network 

Process) [30], and different variants of the ELECTRE 

method are rarely used. Other MCDA methods, such as 

DEMATEL, OWA, SAW, PROMETHEE, NAIADE, 

TOPSIS, VIKOR, Lexicographic method and the 

conjunctive method, etc are also incidentally used. [31]. It 

should be noted that, in order to solve decision-making 

problems related to wind energy, decision models are used, 

and these are characterized by various complexities. The 

amount of criteria considered while selecting a location or a 

design of a wind firm ranges from 6 [19] to 35 [6]. These 

criteria are often interrelated and interdependent. For 

example, in this publication [6], the following criteria were 

used: generating cost, generating profit, and payback period. 

It can be easily seen that the payback period results from, 

among other things, a calculation of costs and profits.  

III.  THE PROPOSED DECISION MODEL FOR DSS 

The construction of the decision model was done in the 

following manner: 

1) The preparation of a set of criteria and sub-criteria for the 

evaluation of locations and designs of onshore wind farms,  

2) The analysis of sub-criteria and indication of relationships 

and dependencies which occur place between them,  

3) The presentation of sub-criteria dependencies in a 

networking decision model. 

On the basis of the literature analysis presented in Section 

II, a set of criteria for the evaluations of locations and 

designs of onshore wind farms was prepared and displayed 

in Table I. The sub-criteria section was shown as well.  

Next, the sub-criteria were analyzed and their 

interdependencies were explained.  

C1.1The wind conditions influence the output power which 

is obtained from a wind turbine, at a specific wind speed and 

consequently, the desired amount of energy is generated. 

Generally, a stronger wind generates more energy; however, 

the wind should not be too strong, as most wind turbines 

switch off when the wind reaches the speed of about 25-30 

m/s [8]. The wind speed is essential, depending on the height 

at ground level. Most towers which have turbines mounted 

onto them are 50-100m high [32], therefore the wind speed 

at the height of ca. 100m is crucial.  

TABLE I. 

CRITERIA AND SUB-CRITERIA FOR EVALUATING LOCATIONS AND 

DESIGNS OF ONSHORE WIND FARMS 

Criteria Sub-criteria  References 

C1 

T
ec

h
n

ic
al

 

C1.1 Average wind speed at the height of 

100m 

[5], [6], [15], 

[17], [19]-[21], 

[23], [24], [26] 

C1.2 Output power of wind turbine [8] 

C1.3 Power grid voltage on the site of 

connection 

[26] 

C2 

E
co

n
o

m
ic

 

C2.1 Yearly amount of energy generated [6], [7], [25]  

C2.2 Investment cost [5]-[7], [16], [25] 

C2.3 Operational costs per year [5], [6], [16], [25] 

C2.4 Incomes from generated energy per 

year 

[26] 

C2.5 Profits from generated energy per year [5], [6], [24] 

C2.6 Payback period [5]-[7]  

C3 

S
o

ci
al

 C3.1 Number of generated workplaces [5], [6], [15] 

C3.2 Social acceptance [16], [25] 

C4 

S
p

at
ia

l 
an

d
 

en
v

ir
o

n
m

en
ta

l 

C4.1 Distance from power grid connection [20]-[24] 

C4.2 Distance from the road network [15], [18]-[23] 

C4.3 Location in Natura 2000 protected 

area 

[7], [19], [22], 

[23] 

 

C1.2 The maximum output power of a turbine is achieved at 

a specific wind speed, which is critical. If the wind speed is 

lower, then the output power is equally lower.  

C1.3 Voltages of the national power grid, which are used in 

Poland, amount to 110kV, 220kV, 400kV and 750kV [33]. 

The voltage of a power grid is an essential sub-criterion, 

since changes in the wind speed cause frequency, voltage 

and power fluctuations in the grid connected to a wind 

turbine [34]. Such fluctuations may, in turn, cause damage to 

transmission lines of the grid or transformers. Such a hazard 

is more likely in the case of high-voltage wind farms (from 

several dozens of MW) to a low-voltage grid (110kV) [35].  

C2.1 We have mentioned above that the amount of energy 

generated is directly affected by the output power of wind 

turbines installed in the wind farm. The yearly amount of 

energy generated by a wind farm is presented, in its simplest 

form, in the formula (1): 

 8760)( 
i

iout tWE  (1) 

where: E – yearly amount of energy generated [MWh], 

Wout(ti) – output power of an i-th turbine [AMW], 8760 – the 

number of hours in a year [Ah]. 
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C2.2 The overall investment costs consist mostly of  the 

costs of purchasing and installing turbines, towers and their 

foundations, the costs of preparing a wind farm design, as 

well as the costs of connecting a wind farm to the power grid 

[36]. The amount of capital investment for an onshore wind 

farm in Poland, depending on the technology applied, varies 

from 4.5 million to 7.5 million PLN/MW [37]. 

C2.3 The operational costs also include the operation, 

repairs and servicing of the devices, leasing costs of the land, 

management, insurance, taxes and charges, the energy 

consumption of the wind farm, as well as balance costs. It is 

estimated that the operation costs of a wind farm in Poland in 

2011, in total, amounted to 83 PLN per one MWh of the 

energy generated by the wind farm [36]. 

C2.4 The income from the energy production is a product of 

generated (and sold) amount of energy and its price. An 

average sales price of the electric energy on the competitive 

market in Poland in the third quarter of 2015 amounted to ca. 

173 PLN/MWh [38]. However, a new law defining RES 

auctions has been recently introduced. RES-based power 

stations can participate in such auctions. When an auction is 

won, the power station has the certainty that the Polish state 

will purchase from them the energy at a set price for a period 

of 15 years [39]. The reference price of the onshore wind 

energy for an RES auction, which is generated in a wind 

farm of combined power greater than 1MW in 2016, 

amounts to 385PLN/MWh [40]. 

C2.5 In simple terms, a yearly profit from selling the energy 

can be determined as being the difference between incomes 

from the energy sales and operational costs incurred to 

generate the energy sold.  

C2.6 The payback period determines a period of time after 

which capital expenditure incurred through the construction 

of a wind farm will pay for itself. The payback period is, in 

fact, a ratio of investment costs to a yearly profit generated 

by the wind farm.  

C3.1 The construction of new wind farms and maintenance 

of existing ones generate workplaces related to the 

preparation of the investment, its operation, maintenance, 

repairs and equipment servicing. Estimates for Poland 

suggest that the installation of 10MW in a given year 

generates 39 direct and 75 indirect workplaces. The 

maintenance of 10MW, in turn, is connected with the 

employment of 5 workers in subsequent years [41]. 

C3.2 Social acceptance refers to benefits, threats and 

inconveniences for a local community. Research results 

highlight that the high level of acceptance for the wind 

energy is declared by about 12% of Polish citizens, low – 

3%, whereas 85% of Polish citizens accept the wind energy 

to a certain degree. [42]. It is unlikely that potential 

workplaces can positively influence the social acceptance of 

constructing a wind farm.   

C4.1 The distance from a power grid connection is related 

with the facility of connecting the wind farm to the power 

grid. Such a connection should be as close as possible, since 

it reduces the possibility of potential problems on a transfer 

line related to the quality and stability of power supply [43]. 

C4.2 The distance from the road is important during the 

construction period. A short distance from main roads 

enables the comfortable delivery of construction elements, 

such as masts or rotors, to the site. One needs to understand 

that, as far as Poland is concerned, the road infrastructure is 

usually poorly developed in the areas with good wind 

conditions, [44].  

C4.3 The Natura 2000 protected areas are breeding and 

resting sites for rare and endangered fauna and flora, as well 

as some rare natural habitats which are crucial to the 

European Community [45]. Locations which form part of the 

Natura 2000 protected areas are more likely to encounter 

difficulties with investment, since some potentially negative 

acts towards the sites are prohibited. It is possible to obtain 

permits to carry out actions which negatively impact the sites 

[45]; however, these are connected with incurring financial 

outlays and downtimes in the construction of a wind farm. It 

should be noted that, according to Polish law, wind farms 

and other buildings cannot be situated within national and 

landscape parks or nature reserves [45].  

On the basis of the individual analysis of sub-criteria one 

can easily determine their dependencies and relationships. 

These dependencies of one criterion onto another are 

illustrated by a graphic outline of the decision model 

presented in Figure 1.  

IV. CONCLUSIONS 

The complex decision model, prepared by the authors of 

this article was prepared, in order to deal with the problem of 

selection of the location and design of a wind farm. 

Therefore, it takes into consideration complex dependencies 

between decision-making criteria (sub-criteria) and 

consequently, it can be more precise than decision models 

which assume independence between criteria.  

The precision of a decision model is particularly important 

in Decision Support Systems; the latter recommend pareto 

optimal solutions to decision-makers. In the case of a less 

accurate decision model which does not take into 

consideration interdependencies of criteria, 

recommendations obtained in DSS can be inexact. 

Therefore, the designed decision model can be used as a 

DSS decision engine.  

The verification of the prepared decision model should be 

carried out while taking into account the decision problem in 

the field of wind energy. Unfortunately, most MCDA 

methods, which form the foundation of DSS, assume that the 

independency between criteria is to simplify the decision-

making process. These methods cannot be easily applied to 

more challenging decision-making problems [46] because, if 

redundant criteria are used in the model, one can reach an 

incorrect solution [47].  Therefore, an essential factor is a 

proper selection of an MCDA method [48], [31] which 

would make it possible to build a complex decision-making 
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model for DSS, while taking into consideration mutual 

dependencies between criteria. The methods which allow the 

observation of the influence of individual criteria on other 

ones in the model are ANP [49], [30] and DEMATEL [50], 

[24]. 

The decision model which has been designed should 

evidently be used on a continuous basis. The best course of 

action would be to add criteria and sub-criteria of 

evaluations of wind farms, as well as other RES factors to 

the model. It would also be interesting to present the 

decision model in the form of an ontology [51], which would 

enable the deduction of new information from the model 

[52], [53]. The performance of the model would also move 

in a smoother manner towards the application of DSS in 

other situations.   
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