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a b s t r a c t

Multi-Criteria Decision Making (MCDM) techniques are gaining popularity in energy supply systems. The
aim of this paper is to develop the multi-criteria decision support framework for ranking renewable
energy supply systems in Turkey. Given the selection of renewable energy supply systems involves many
conflicting criteria, multi criteria decision methods (Fuzzy TOPSIS) were employed for the analysis. The
Interval Shannon's Entropy methodology was used to determine weight values of the criteria. In this
study, a ¼ 0.1, 0.5 and 0.9 values based sensitivity analysis were performed. Three a-cutting levels were
identical to the sequence of alternatives. According to result, the first criterion in preference ranking of
renewable energy sources in Turkey is the Amount of Energy Produced, followed by the ranking systems
Land use, Operation and maintenance cost, Installed capacity, Efficiency, Payback period, Investment cost,
Job creation, and Value of CO2 emission. Thus the multi-criteria analysis showed that the Hydro Power
Station is determined to be the most renewable energy supply system in Turkey. Additionally, the
Geothermal Power Station, Regulator and Wind Power Station are determined to be the second, third and
fourth, respectively. The government of Turkey should invest, in order of priority, in these systems. The
government should also evaluate the projects, which are related to these renewable energy resources.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The growing trade opportunities with the increase in popula-
tion, urbanization and industrialization around the world are
gradually increasing the demand for natural resources and energy.
The world's population has increased by 2.5 times since 1950, and
the energy demand has increased seven-fold. Compared to the
present, in 2030, it is expected to increase in a ratio ranging from 40
to 50% of the energy consumption worldwide, and to increase
higher than 100% of this consumption in Turkey [1].

The simplest definition of energy is the ability to do a job, and
that it is the source of life. In nature, energy is directly obtained
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from primary energy sources: coal, oil, natural gas, uranium,
biomass, geothermal, hydro, solar and wind. These energy sources,
oil, natural gas and coal, are of fossil origin. The others are
renewable energy sources. Renewable energy is available without
the need for any production processes. It is of non-fossil origin, has
less harmful emissions, is renewed with a continuous cycle, and is
present in nature as ready to use: water, wind, solar, geothermal,
biomass, biofuels, wave, current and tidal energy, refers to energy
sources as hydrogen [2]. Electricity, which is a secondary energy
source, is produced by converting fossil fuels and renewable energy
sources [3]. Considering the primary sources of energy, electric
energy which is equivalent to 230 million barrels of oil energy is
consumed in the world every day. About 200 million barrels of this
electrical energy are fossil fuels. In the energy sector, petroleum,
natural gas and coal are considered together, with the hydrocarbon
weighted [4].

Safe, sustainable energy to provide cheap, efficient use, should
reduce greenhouse gas emissions. The transition to the new and
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Ü. Şengül et al. / Renewable Energy 75 (2015) 617e625618  
renewable energy sources from fossil sources, is an important issue
that should be getting the attention of the world especially in
Turkey. The first of the targets of the 2010e2014 strategy of the
Ministry of Energy and Natural Resources (MENR) in Turkey is se-
curity of the energy supply. The first objective that is planned is to
achieve these targets in the form of “giving priority to domestic
resources to ensure the diversification of sources”. In order to
ensure diversification of the energy supply, the intent is the
maximum use of local and renewable energy sources in electricity
production. In addition, this should be aimed at studies towards the
reduction of energy intensity, the provision of the security of the
energy supply, the reduction of risks arising from dependence, and
increasing the efficiency of the struggle against climate change.
Consequently, Turkey became a party to the United Nations
Framework Convention on Climate Change in 2004, submitted its
own first national declaration in 2007, and participated in the Kyoto
Protocol on 5 February 2009 [5].

In 2011, Turkey had obtained 2.33% from renewable energy
sources,1.7% from liquid fuels, 22.8% from hydroelectric, 28.2% from
coal, 44.7% from natural gas all self-produced [5]. The main
objective for renewable energy sources of the Ministry of Energy is
to ensure that a level of 30% of the share of electricity production is
from these resources in 2023. The renewable energy sources which
are primary energy sources, and the status of Turkey in terms of
these energy resources are provided below.

1.1. Hydro-power

Hydroelectric power plants have been set up for electricity
production from water itself. Electricity can be produced on rivers
with small power (1 MW-100 MW) from hydroelectric power
plants, and with great power from dams [6]. Turkey, compared to
European countries which significantly consume their hydraulic
potential, is a leader in Europe with hydraulic potential for 129
billion kWh/year [7]. The technically feasible hydro-power potential
in Turkey is 21,600 gWh/year (State Water Works-(SWW), 2010). In
2011, the primary energy production in Turkey was 228431.02 kWh.
and 22.8% of this production was met by hydraulic [8].

1.2. Geothermal energy

It is a clean source of energy for electricity generation because it
is naturally occurring, and is not derived as a result of burning
unlike thermal power plants. Turkey is the seventh richest country
in the world in geothermal potential for its direct use and for
electricity generation [9]. In addition, geothermal potential in
Turkey is 31,500MW, and 1500MWof geothermal energy potential
is suitable for the production of electrical energy. The installed
capacity of geothermal energy by the end of 2009 was 77,2 MW [5].

1.3. Wind energy

Wind energy is made up of air masses encountering different
temperature ranges. Wind turbines convert the wind energy into
electricity. There is wind energy potential of at least 5000 MW in
the regions where Turkey's annual wind speed is 8.5 m/s or higher,
and at least 48000 MW in the regions where it is 7.0 m/s or higher.
By the end of 2009, installed wind power in Turkey reached
802.8 MW [5].

1.4. Solar energy

Solar energy is a renewable energy source coming from the sun
and containing values ranging from 0 to 1100 W/m2 on the earth's
surface [10]. It is in the stage of development due to the high cost of

 

 

electricity generation, and covering wide areas with solar panels.
Due to its geographical location, Turkey is a country of high po-
tential for solar energy. Turkey's solar energy potential is 380
billion kWh/year.

1.5. Biofuel energy

Biofuel includes all kinds of fuel obtained from living organisms.
Bio-fuels are classified as biodiesel, bioethanol, biogas and biomass
[5]. Biomass energy potential in Turkey is 16,920 KTEP [3].

1.6. Hydrogen energy

Hydrogen energy is not a natural fuel. It is a synthetic fuel
produced from different raw materials such as water, fossil fuels
and biomass, taking advantage of the primary energy sources [3].
Hydrogen, compared to petroleum fuels, is a 33% more efficient
fuel. However, due to the high cost of use, is not very widespread
[5]. Since it is not at a level for consumption, the data could not be
obtained for generating electricity from biofuel, solar energy and
hydrogen energy in Turkey. In this regard, solar, biofuel and
hydrogen energy, among renewable alternatives, have not been
evaluated in this study.

Multi-Criteria Decision Making (MCDM) techniques are
methods that provide the ordering or grouping of alternatives,
making a choice between alternatives by the evaluation of multiple
decision criteria [12]. The decision-making process determining the
best energy alternatives is multidimensional, made up of a number
of aspects at different levels, such as economic, technical, envi-
ronmental, political, and social. From this perspective, an MCDM
approach to decision making appears to be the most appropriate
tool to understand all the different perspectives involved, and to
support those concerned with the decision-making process by
creating a set of relationships between the various alternatives [9].

In the literature, there are many studies where MCDM tech-
niques were used in ranking renewable energy alternatives.

Pohekar and Ramachandran [13] included sustainable energy
planning MCDM methods examined in more than 90 publications.
According to the study, these methods are very widely used: AHP,
PROMETHEE and ELECTRE. Abu-Taha [14] created a study dividing
the methods of MCDM into two categories, including multi-
objective decision making (MODM) and multi-attribute decision
making (MADM). He presented a review of 90þ published papers of
MCDM analysis in the renewable energy field. This work demon-
strated that multi-criteria analyses could provide a technical-
scientific decision-making support tool that was able to justify its
choices clearly and consistently, especially in the renewable energy
sector.

Crist�obal [11] has shown how the method can be used in the
selection of a renewable energy investment project. In order to do
this, the method is applied to the Plan de Energias Renovables
(Renewable Energy Plan) launched by the Spanish Government in
2005. It described the use of the Compromise RankingMethod, also
known as the VIKOR method, in the selection of a Renewable En-
ergy project. Wang, et. Al. [15], reviewed literature on the corre-
sponding methods in different stages of MCDM for sustainable
energy, i.e., criteria selection, criteria weighting, evaluation, and
final aggregation. The criteria of energy supply systems are sum-
marized from technical, economic, environmental and social as-
pects. In the study by Kaya & Kahraman [16] two cases are
suggested. First, they determined the best renewable energy al-
ternatives for Istanbul by using an integrated VIKOR-AHP meth-
odology. Second, a selection among alternative energy production
sites in this city was made using the same approach. In the study by
Kaya & Kahraman [17], the decision-makers’ opinions on the



Table 1
The typical evaluation criteria of energy supply systems.

Aspects Criteria

Technical Efficiency
Exergy efficiency
Primary energy ratio
Safety
Reliability
Maturity

Economic Investment cost
Operation and maintenance cost
Fuel cost
Electric cost
Net present value
Payback period
Service life
Equivalent annnual cost

Environmental NOx emission
CO2 emission
CO emission
SO2 emission
Particles emission
Non-methane volatile organic compounds
Land use

Social Social acceptability
Joc creation
Social benefits
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relative importance of the selection criteria were determined using
a Fuzzy AHP procedure. Afterward, a modified Fuzzy TOPSIS
methodology was proposed to make a multi criteria selection
among energy alternatives. Georgopoulou et al. [18], in their
studies, used the-ELECTRE method, which is a multi-criteria deci-
sion-making method. In practice, in Greece and on the island, 15
criteria were taken into account for eight energy-efficient alterna-
tives. Haralambopoulos and Polatidis [19], in their study, used the
PROMETHE II method for ranking renewable energy projects. This
study was applied to geothermal resources on the island of Chios.
Polatidis and Haralambopoulos [20], in their study, on local
renewable energy sources in Greece made recommendations for
planning and investors. In this study, the views of investors, and
local stakeholders, mayors, local councilors, presidents, local me-
dia, civil society organizations, local development corporations and
regional authorities were taken into account. Polatidis and Har-
alambopoulos [21], in a study consisting of six chapters, described
the fields that can be used and connections between the primary
renewable energy and multi-criteria decision methods. In this
study, they compared the use of renewable energy in the field of
MCDM techniques.

Dicorato et al. [22], in their study, investigated the efficiency of
energy sources with a linear programming-based optimization
model. That paper, researched renewable energy sources on
different continents, and the energy sources were compared. As a
result of the tests made in that study, recommending the use of less
environmentally damaging energy (such as hydro and wind po-
wer), it was suggested that this was the least costly of these en-
ergies. Menegaki [23] examined the literature on the assessment of
renewable energy, and identified four basic elements for a choice of
renewable energy. €Onüt et al. [24], in their study, took into
consideration fuel oil, coal, electricity, LPG and NG (Natural Gas),
which is the most common energy source in the manufacturing
industry. The ANP method was used to determine which of these
resources was best in the manufacturing industry. They ranked NG,
LPG, coal and fuel oil alternatives. Streimikiene et al. [25] presented
MULTIMOORA and TOPSIS from the multi-criteria decision support
framework for choosing themost sustainable electricity production
technologies. They stated that the future of sustainable energy re-
sources, is water and solar thermal.

Decision-making will often be based on “expert judgments”
and/or “stakeholder values”. The decision-making may be influ-
enced by subjectivity because of the weight the expert gives to the
criteria when comparing them. This expert subjectivity constitutes
the main drawback of decision-making. Sensitivity analysis have
been undertaken in order to determine the effect of this drawback.
Some of the studies are: Pang and Bai [37] who developed a sup-
plier evaluation approach based on the Analytic Network Process
(ANP) in a fuzzy environment. The criteria values are linguistic, and
linguistic values are expressed as triangular fuzzy numbers. For
sensitivity analysis of the weight of criteria, the weight of one cri-
terion is exchanged with the weight of another, while all other
criteria weights remain unchanged. Nguyen et al. [38] have applied
a hybrid approach of the fuzzy ANP and COPRAS-G on the machine
selection problem. The values that they use in making the machine
selection are linguistic. Linguistic values are expressed as triangular
fuzzy numbers. To determine the robustness of the rankings of
alternatives they did the sensitivity analysis in the same way as
Pang and Bai. There are 12 criteria in decision problems. They chose
to switch the weight of 2 of the 12 criteria of a set. Therefore 66
different calculations must be implemented for the sensitivity
analysis. In an effort to deal with subjectivity in criterion weights
contributing to potential uncertainty, Feizizadeh et al. have sug-
gested integrating the Monte Carlo Simulation with the conven-
tional AHP [39]. However, criteria are quantitative data in our study.

 

 

No expert opinion or stakeholder has been consulted in the data
obtained. The data are definite and interval data obtained from the
official site of the Republic of TurkeyMinistry of Energy and Natural
Resources (RTMENR), the Turkish Electricity Transmission Com-
pany (TETC), the Turkish Electricity Distribution Company (TEDC),
the General Directorate of State Hydraulic Works (GDSHW), the
Turkey Coal Enterprises (TCE) etc. and from literature. These data
were taken as triangular fuzzy numbers. The data are used for alpha
(a) cutting levels to make sensitivity analysis of fuzzy data. These
data were taken as triangular fuzzy numbers. It is used for alpha (a)
cutting levels to do sensitivity analysis of fuzzy data. a is an arbi-
trary value and in a triangular fuzzy number can be expressed with
a-cutting level sets (confidence interval) [32]. In this study, a ¼ 0.1,
0.5 and 0.9 values based sensitivity analysis were performed. Three
a-cutting levels were identical to the sequence of alternatives.

This aim of this paper is to develop the multi-criteria decision
support framework for ranking the Renewable Energy Supply
Systems (RESS) in Turkey. The paper is organized as follows. Section
2 presents the determination for RESS criteria. Section 3 introduces
research methodology, including Fuzzy sets and Fuzzy numbers,
Interval Shannon's Entropy based on a-level sets, and the Fuzzy TOPSIS
method. Section 4 presents the results of the comparison of RESS in
Turkey. Finally, Section 5 concludes this study.

The results of this research can provide energy policymakers
and decision makers with the optimal alternatives for resource
allocation in Turkey. They should invest, in order of priority, in
RESS. They can also evaluate the projects which are related to these
renewable energy sources.
2. Determination for renewable energy supply systems
criteria

Wang et al. [15], determined the used of criteria to evaluate the
energy supply systems in the literature. The criteria are summa-
rized Table 1.

Abu-Taha [14], suggested the MCDM technique, which used a
selection of renewable energy sources. According to the study, in
relation to renewable energy sources, MCDM techniques most
commonly used in the fields of renewable energy planning and



Table 2
Criteria taken into account to select the best renewable energy policy.

Main criteria Sub-criteria Unit

Technical Efficiency (C7)
Installed capacity (C8)
Amount of energy produced (C9)

billion kWh for 2011
MW for 2012
billion kWh for 2011

Economic Investment cost (C1)
Operation and maintenance cost (C2)
Payback period (C4)

cent/kWh
cent/kWh
year

Environmental Land use (C3)
Value of CO2 emission (C5)

km2/1000 MW
$/year

Social Job creation (C6) person/MW

Table 5
Operating and maintenance cost values of renewable energy supply systems in
Turkey.

R HPS WPS GPS

Operation and
maintenance
cost (cent/kWh)

0.5e2.0 0.5e2.0 0.086e0.095 0.003e0.003

Table 6
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policy, renewable energy evaluation, project selection and the
environment respectively, were AHP/ANP, PROMETHEE, ELECTRE,
VIKOR, TOPSIS, SWA, SIMUS, UTADIS and value tress. In addition,
some studies have been made of these techniques in a Fuzzy
environment.

Based on data from various official institutions, quantitative
criteria are derived from the data in Table 2, and renewable energy
sources can produce electricity and have the potential in Turkey
(Table 3).

2.1. Description of criteria

In this subsection, the criteria that will be used to evaluate RESS
with potential in Turkey are explained briefly. While some criteria
have a positive impact in decision-making problems, others have a
negative impact. In this study, the criteriawith a positive impact are
the values of CO2 emission (C5), Job Criterion (C6), Efficiency (C7),
Installed capacity (C8), and Amount of energy produced (C9). The
criteria with negative impact are the values of Investment cost (C1),
Operation and maintenance cost (C2), Land use (C3), and Payback
period (C4).

2.1.1. Investment cost
Investment cost comprises all costs relating to: the purchase of

mechanical equipment, technological installations, construction of
roads and connections to the national grid, engineering services,
drilling and other incidental construction work. Labor costs and
costs for equipment maintenance are not included in the invest-
ment costs [15]. The 2009 data are given in Table 4 [5].

2.1.2. Operation and maintenance cost
Operating and maintenance costs are the cost values of mate-

rials other than fuel for the operation and management of power
plant after it is installed [3]. Operation and maintenance costs
Table 3
Alternatives for renewable energy policy.

Alternative Abbreviated name

Regulator (5MW < Pa<100 MW) R
Hydro Power Station (100 MW < P < 1000 MW) HPS
Wind Power Station WPS
Geothermal Power Station GPS

a Power.

Table 4
Investment cost values of renewable energy supply systems in Turkey.

R HPS WPS GPS

Investment
cost
(cent/kWh)

0.677e1.104 2.5152e4.0249 2.1452e2.3684 0.1443e0.1689
consists of two parts, including employee wages, and the funds
spent for the energy, products and services for the energy system
operation [15], (Table 5) [26].

2.1.3. Land use
The energy system occupies some land. The environment and

landscape are affected directly by the land occupied by the energy
systems [15]. This criterion is a value of type km2 of the area
occupied by the establishment of a 1000 MW power plant, and its
data are given in Table 6 [3].

2.1.4. Payback period
The study payback period used was the electrical entity

financing period. The payback period of an energy project refers to
the period of time required for the return on an investment to
“repay” the sum of the original investment [15], and its data are
given in Table 7 [26].

2.1.5. Value of CO2 emissions
The carbon market representing all of the greenhouse gases is

an important tool in reducing harmful emissions with the condition
of work in accordance with the market rules. To reduce the emis-
sions of the carbonmarket, penalizing thosewho releasemore than
the limit imposed by rewarding those who have less emissions, is
working to reduce the amount of emissions [27], (Table 8) [3].

2.1.6. Job creation
Energy supply systems employ many people during their life

cycle, from construction and operation until decommissioning [15].
This criterion is considered to be the employment potential of the
energy supply systems and its data are given in Table 9 [5].

2.1.7. Efficiency
Efficiency refers to how much useful energy we can obtain from

an energy. Efficient energy use is essential in slowing the energy
Values of land use of renewable energy supply systems in Turkey.

R HPS WPS GPS

Land use (km2/1000 MW) 33 750 100 18

Table 7
Payback period of renewable energy supply systems in Turkey.

R HPS WPS GPS

Payback period (year) 1e3 5e10 0.5e1 1.5e2

Table 8
CO2 emission value of renewable energy supply systems in Turkey.

R HPS WPS GPS

Value of CO2

emission ($/year)
26302793.3 26302793.3 16612290.5 49836871.510



Table 9
Employment potential of renewable energy supply systems in Turkey.

R HPS WPS GPS

Job creation (person/MW) 0.56e0.92 0.56e0.92 0.25e0.42 0.10e0.33

Table 10
Turkey's renewable energy potential a

Energy type Usage purpose Natural
capacity

Technical Economical

Solar energy Electric (billion kWh) 977000 6105 305
Thermal (Mtoe) 80000 500 25

Hydro power Electric (billion kWh) 430 215 124.5
Wind energy (land) Electric (billion kWh) 400 110 50
Wind energy

(off shore)
Electric (billion kWh) e 180 e

Wave energy Electric (billion kWh) 150 18 e

Geothermal energy Electric (109 kWh) e e 1.4
Thermal (Mtoe) 31500 7500 2843

Biomass energy Total (Mtoe) 120 50 32

a In Table 10 values, the technical and economic potential are taken into
consideration.

Table 12
Electricity production by source in Turkey.

Resources R HPS WPS GPS Oil Coal Natural
gas

Amount of energy
that produced (%)

1.59 21.21 2.07 0.29 1.67 27.89 44.71

Amount of energy
that produced
(billion kWh)

3.632 48.444 4.728 0.662 3.814 63.701 102.118

Ü. Şengül et al. / Renewable Energy 75 (2015) 617e625 621 
 

 

demand growth. It is the most used technical criteria to evaluate
energy systems [15]. In this study, effectiveness, the country's en-
ergy supplied to meet requirement potential is assessed, and its
data is given in Table 10 [28].

2.1.8. Installed capacity
This criterion is evaluated with the installed capacity according

to sources in Turkey. Table 11 gives the distribution of sources for
53.910 MW of installed capacity as of April 2012 [5].

2.1.9. Amount of energy produced
According to the sources, electricity generation values are

considered under this criterion. It shows that 228.4 billion kWh of
electricity was produced in Turkey at the end of 2011 (Table 12) [5].

3. Research methodology

In this paper, the weights of each criterion are calculated using
Fuzzy Shannon's Entropy. After that, Fuzzy TOPSIS is utilized to
rank the alternatives.

3.1. Fuzzy sets and Fuzzy numbers

The natural language to express perception or judgment is al-
ways subjective, uncertain or vague [29]. Fuzzy set theory, which
was introduced by Zadeh [30] to deal with problems in which a
source of vagueness is involved, has been utilized for incorporating
imprecise data into the decision framework. A Fuzzy set ~A can be
defined mathematically by a membership function m~AðXÞ, which
assigns each element x in the universe of discourse X a real number
in the interval [0,1] [31]. The triangular membership function is
defined by three parameters. These parameters (l,m,u) of the
triangular membership function take the shape of the components
shown Fig. 1.
Table 11
According to the sources, the power of the board of Turkey (MW).

Resources R HPS WPS

Installed power (%) 7.0 26 3.5
Installed power (MW) 3774 13747 1887

a Others include: multi-fuel liquid (gas and liquid),renewable þ waste.
m~Aðx; l; m; uÞ ¼

8>>>>>><
>>>>>>:

l � x � m ;
ðx� lÞ
ðm� lÞ

m � x � u ;
ðu� xÞ
ðu�mÞ

x >u or x< l; 0

(1)

mA(m) ¼ 1 to be m on the top of the triangular Fuzzy number,
wherem is the l and uwhich is not necessarily the midpoint [32]. In
this study, the interval of data is the criteria value, taken as trian-
gular Fuzzy numbers.

А-cutting process can be applied to fuzzy numbers. Membership
of an А-cutting set, Aa, is established from the members not less
than a. a is an arbitrary value and in a triangular fuzzy number can
be expressed with a-cutting level sets (confidence interval) [32].
3.2. Interval Shannon's entropy based on a-level sets

The concept of Shannon's entropy [33] has a dominant role in
information theory. This concept has been developed in different
scientific fields, such as physics, social sciences, etc. [34]. Hossein-
zadeh, Lotfi and Fallahnejad (2010) extend the Shannon entropy for
the interval data cases. The structure of the alternative performance
matrix in the interval data case is created. This is where the matrix,
½xlij; xuij� is the rating of the alternative iwith respect to the criterion j,
½wl

j;w
u
j � is the weight of criterion j (Table 13).

The steps of Shannon's Entropy explained for these interval data
as follow [35].

Step 1: The normalized value plij and puij are calculated as:

plij ¼
xlijPm
i¼1 x

u
ij

; plij ¼
xuijPm
i¼1 x

u
ij

; i ¼ 1;…;m; j ¼ 1;…;n (2)

Step 2: Lower bound hli and upper bound hui of interval entropy
can be obtained by:

hlj ¼ min

(
� h0

Xm
i¼1

plij$lnp
l
ij;�h0

Xm
i¼1

puij$lnp
u
ij

)
; j ¼ 1;…;n

(3)
GPS Oil Coal Natural gas Othersa

0.2 2.5 23 30,4 8
108 1348 12345 16389 4313



Fig. 1. A triangular fuzzy number ~A.
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huj ¼ max
n
� h0

Xm

i¼1
plij$lnp

l
ij;�h0

Xm

i¼1
puij$lnp

u
ij

o
; j ¼ 1;…;n

(4)

where h0 is equal to (ln m)�1, and plij$lnp
l
ij or puij$lnp

u
ij is defined

as 0 if plij ¼ 0 or puij ¼ 0:

Step 3: Set the lower and the upper bound of the interval of
diversification dli and dui as the degree of deversification as
follows:

dlj ¼ 1� huj ; duj ¼ 1� hlj; j ¼ 1;…;n (5)
Step 4: Lower bound wl
i and upper bound wu

i of interval weight
can be obtained by:

wl
j ¼

dliPn du
; wu

j ¼ duiPn dl
; j ¼ 1;…;n (6)
s¼1 s s¼1 s

The a�level sets can also be expressed in the following interval
form:

h�
xij
�l
a
;
�
xij
�u
a

i
¼
�
min
xij

n
xij2Rjmxij

�
xij
� � a

o
;max

xij

�
n
xij2Rjmxij

�
xij
� � a

o� (7)

where 0 < a � 1. In this study, a ¼ 0.1, 0.5 and 0.9 values based
sensitivity analysis was performed.

3.3. The Fuzzy TOPSIS method

TOPSIS (Technique for Order Preference by Similarity to Ideal
Solution) is a linear weighting technique which was first proposed
in its crisp version. Since then, this method has been widely
adopted to solve MCDM problems in many different fields [36].
TOPSIS views anMCDMproblemwithm alternatives as a geometric
Table 13
Structure of the alternative performance when data are intervalled.

Criterion 1 Criterion 2 … Criterion n

Alternative 1 ½xl11; xu11� ½xl12; xu12� … ½xl1n; xu1n�
Alternative 2 ½xl21; xu21� ½xl22; xu22� … ½xl2n; xu2n�
« « « … «

Alternative m ½xlm1; x
u
m1� ½xlm2; x

u
m2� … ½xlmn; x

u
mn�

½wl
1; x

u
1� ½xl2; xu2� ½xln; xun�
system and m points in the n-dimensional space. This method is
based on the concept that the chosen alternative should have the
shortest distance from the positive-ideal solution, and the longest
distance from the negative ideal solution. TOPSIS defines an index
called similarity to the positive-ideal solution and the remoteness
from the negative-ideal solution. Then the method chooses an
alternative with the maximum similarity to the positive-ideal so-
lution [31]. The distances may be either summed up in the
Euclidean sense or pondered, hence prioritizing one of the two
distances [36]. It is often difficult for a decision-maker to assign a
precise performance rating to an alternative for the attributes un-
der consideration. Themerit of a using a Fuzzy approach is to assign
the relative importance of the attributes using Fuzzy numbers
instead of precise numbers [31]. In this study, the interval values are
triangular Fuzzy numbers. To find the middle value of a Fuzzy
number, the lower bound and upper bound of the interval data are
averaged arithmetically.

Fuzzy TOPSIS mathematics concept adapted from Wang and
Chang [29].

Step 1: Determine the weighting of evaluation criteria

Criteria weights are determined by the Interval Shannon's en-
tropy. For sensitivity analysis of criteria weights a ¼ 0.1, 0.5 and 0.9
have been calculated.

Step 2: Construct the Fuzzy matrix

C1 C2 … Cn
A1
2

~x11 ~x12 …
~x1n

3

~D¼ A2

«
Am

664 ~x21 ~x22 …
~x2n

« «
~xm1 ~xm2

« «
« ~xmn

775 ; i¼ 1;2;…;m; j¼ 1;2;…;n (8)

where ~xij is the rating of alternative Ai with respect to criterion Cj
evaluated by data from official sites.

Step 3: Normalize the Fuzzy decision matrix

The normalized Fuzzy decision matrix denoted by ~R is shown as
following formula:

~R ¼ �~rij�m�n; i ¼ 1;2;…;m; j ¼ 1;2;…n (9)

where

~rij ¼
 
lij
cþj

;
mij

cþj
;
uij
cþj

!
; cþj ¼ max

i
cij (10)

Step 4: Construct weighted mormalized Fuzzy decision matrix

The weighted normalized decision matrix ~V is defines as.

~V ¼ �~vij�m�n; i ¼ 1;2;…m; j ¼ 1;2;…;n (11)

~vij ¼ ~rij5~wj (12)

where ~wj represents the importance weight of criterion Cj.

Step 5: Determine the Fuzzy positive-ideal solution (FPIS) and
Fuzzy negative-ideal solution (FNIS)



Table 14
Aggregate decision matrix for Interval Shannon's Entropy.

C1 C2 C3 … C9

R [0.677,1.104] [0.5e2.0] [33,33] … [3.631,3.631]
HPS [2.515,4.024] [0.5e2.0] [750,750] … [48.444,48.444]
WPS [2.145,2.368] [0.086e0.095] [100,100] … [4.723,4.723]
GPS [0.144,0.169] [0.003e0.003] [18,18] … [0.662,0.662]

Table 15
The normalized interval decision matrix.

a ¼ 0.1 C1 C2 C3 … C9

R [0.092, 0.143] [0.146,0.488] [0.037,0.037] … [0.063,0.063]
HPS [0.343, 0.523] [0.146,0.488] [0.832,0.832] … [0.843,0.843]
WPS [0.285, 0.312] [0.022,0.024] [0.111,0.111] … [0.082,0.082]
GPS [0.019, 0.022] [0.001,0.001] [0.020,0.020] … [0.012,0.012]
a ¼ 0.5 C1 C2 C3 … C9

R [0.110,0.140] [0.262,0.486] [0.037,0.037] … [0.063,0.063]
HPS [0.406,0.512] [0.262,0.486] [0.832,0.832] … [0.843,0.843]
WPS [0.309,0.325] [0.026,0.028] [0.111,0.111] … [0.082,0.082]
GPS [0.021,0.023] [0.001,0.001] [0.020,0.020] … [0.012,0.012]
a ¼ 0.9 C1 C2 C3 … C9

R [0.130,0.136] [0.428,0.483] [0.037,0.037] … [0.063,0.063]
HPS [0.478,0.501] [0.428,0.483] [0.832,0.832] … [0.843,0.843]
WPS [0.336,0.339] [0.033,0.033] [0.111,0.111] … [0.082,0.082]
GPS [0.023,0.024] [0.001,0.001] [0.020,0.020] … [0.012,0.012]
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Because the positive triangular Fuzzy numbers are included in
the interval [0,1], the Fuzzy positive ideal reference point (FPIS,Aþ)
and Fuzzy negative ideal reference point (FNIS, A�) hence can be
defined as.

Aþ ¼
�
~vþ1 ;~v

þ
2 ;…;~vþn

	
(13)

A� ¼
�
~v�1 ;~v

�
2 ;…;~v�n

	
(14)

where ~vþ1 ¼ ð1;1;1Þ and ~v�1 ¼ ð0;0;0Þ ; j ¼ 1;2;…;n:

Step 6: Calculate the distances of each alternative from FPIS and
FNIS

The distances (dþi and d�i ) of each alternative Aþ from and A�

can be currently calculated by the area compensation method.

dþi ¼
Xn
j¼1

d
�
~vij; ~v

þ
j

	
; i ¼ 1;2;…;m; j ¼ 1;2;…;n (15)

d�i ¼
Xn

j¼1
d
�
~vij; ~v

�
j

	
; i ¼ 1;2;…;m; j ¼ 1;2;…;n (16)

Step 7: Obtain the closeness coefficient and rank the order of
alternatives

Once the closeness coefficient is determined, the ranking order
of all alternatives can be obtained, allowing the decision-makers to
select the most feasible alternative. The closeness coefficient of
each alternative is calculated as.

CCi ¼
d�i

dþi þ d�i
; i ¼ 1;2;…;m (17)

4. Results of the multi-criteria assessment

The determination of the correct energy policy effects many
economic, social and environmental events in our country. In this
paper the most appropriate renewable energy policy alternative in
Turkey is selected by a Fuzzy multi-criteria decision - making
technique. Through literature investigation and the study of other
papers that are related to energy policy selection, nine criteria are
finally selected. These criteria include investment cost (C1), oper-
ation and maintenance cost (C2), land use (C3), payback period (C4),
value of CO2 emissions (C5), job creation (C6), efficiency (C7),
installed capacity (C8) and amount of energy that is produced (C9).
In addition, there are four alternatives, including Regulator (R),
Hydro Power Station (HPS), Wind Power Station (WPS) and
Geothermal Power Station (GPS).

4.1. Interval Shannon's Entropy

The Interval Shannon's Entropy methodology was used to deter-
mine the weight values of the criteria. The aggregate decision
matrix for Shannon's Entropy can be seen in Table 14.

For the sensitivity analysis of the criteria weights a¼ 0.1, a¼ 0.5
and a ¼ 0.9 have been calculated. According to Eq. (2), we
normalized the interval decision matrix. The normalized interval
decision matrix is shown in Table 15.

Then, we calculated the lower bound hli and upper bound hui of
the criteria based on Eq. (3) and Eq. (4). After that, the degrees of
diversification were calculated using Eq. (5), as shown in Table 16.

 

 

4.2. Fuzzy TOPSIS

The weights of the criteria were calculated using Interval
Shannon's Entropy. Then, the Fuzzy decision matrix was created
using Table 14. The Fuzzy decision matrix is shown in Table 18.

By following the Fuzzy TOPSIS procedural steps and calcula-
tions, the ranking of renewable energy policy is gained. The results
and final ranking for a¼ 0.1, a¼ 0.5 and a¼ 0.9 are shownTable 19.

According to Table 19, the “HPS (Hydro Power Station)” is
determined to be the best renewable energy policy alternative for
Turkey today. The ranking of renewable energy alternatives is
determined as follows: GPS (Geothermal Power Station), Regulator,
and WPS (Wind Power Station).

5. Discussion and conclusion

Providing cheap, good quality, on time and safely of energy is
one of the priority issues of country management. In this study,
Turkey has a potential to produce electricity from renewable en-
ergy supply systems listed under the criteria defined by the liter-
ature. The proposed Fuzzy TOPSIS allows the ranking of interval
data. This method is based on different utility functions, and thus
enables assessment of alternatives against multiple criteria in an
integrated manner. Criteria that are necessary for performance
rankings of renewable energy supply systems were determined
from literature. Criteria data were obtained from the literature and
from official sites in Turkey. 24 criteria for the ranking of energy
sources have been identified in the literature (Table 1). However, it
has not been possible to apply all of these 24 criteria on Turkey's
renewable energy supply systems. We identified 9 criteria that can
be obtained from four groups where the 24 criteria are found
(technical, economics, environmental, social) (Table 2). It is possible
to use expert opinion for the criteria for which data cannot be
obtained. However, the aim of this study is to do analysis with
quantitative data only, without recourse to expert opinion. All the
criteria data have been taken as triangular fuzzy numbers, due to
the value of some of them being interval values. Alpha (a) cutting
levels are used to do sensitivity analysis of fuzzy data. In this study,



Table 16
The values hli ,h

u
i ,d

l
i andd

u
i .

a ¼ 0.1 a ¼ 0.5 a ¼ 0.9

[hli ,h
u
i ] [dli ,d

u
i ] [hli ,h

u
i ] [dli ,d

u
i ] [hli ,h

u
i ] [dli ,d

u
i ]

C1 [0.231,0.263] [0.231,0.263] [0.760,0.772] [0.228,0.240] [0.773,0.774] [0.226,0.227]
C2 [0.469,0.574] [0.426,0.531] [0.580,0.582] [0.418,0.420] [0.594,0.610] [0.390,0.406]
C3 [0.430,0430] [0.570,0.570] [0.430,0.430] [0.570,0570] [0.430,0.430] [0.570,0.570]
C4 [0.646,0.751] [0.249,0.354] [0.713,0.753] [0.247,0.287] [0.751,0.755] [0.245,0.249]
C5 [0.942,0.942] [0.058,0.058] [0.942,0.942] [0.058,0.058] [0.942,0.942] [0.058,0.058]
C6 [0.753,0.931] [0.069,0.247] [0.836,0.926] [0.074,0.164] [0.903,0.919] [0.081,0.097]
C7 [0.646,0.730] [0.270,0.354] [0.700,0.730] [0.270,0.300] [0.728,0.730] [0.270,0.272]
C8 [0.591,0.591] [0.409,0.409] [0.591,0.591] [0.409,0.409] [0.591,0.591] [0.409,0.409]
C9 [0.415,0.415] [0.585,0.585] [0.415,0.415] [0.585,0.585] [0.415,0.415] [0.585,0.585]

Table 17
The interval and crisp weight of criteria.

a ¼ 0.1 a ¼ 0.5 a ¼ 0.9

[wl
i ,w

u
i ] [wi] [wl

i ,w
u
i ] [wi] [wl

i ,w
u
i ] [wi]

C1 [0.069,0.092] 0.080 [0.075,0.084] 0.080 [0.079,0.080] 0.079
C2 [0.126,0.185] 0.156 [0.138,0.147] 0.142 [0.136,0.143] 0.140
C3 [0.169,0.199] 0.184 [0.188,0.199] 0.194 [0.199,0.201] 0.200
C4 [0.074,0.124] 0.099 [0.081,0.100] 0.091 [0.085,0.088] 0.087
C5 [0.017,0.020] 0.019 [0.019,0.020] 0.020 [0.020,0.020] 0.020
C6 [0.020,0.086] 0.053 [0.024,0.058] 0.041 [0.028,0.034] 0.031
C7 [0.080,0.123] 0.102 [0.089,0.105] 0.097 [0.094,0.096] 0.095
C8 [0.121,0.143] 0.132 [0.135,0.143] 0.139 [0.142,0.144] 0.143
C9 [0.174,0.204] 0.189 [0.193,0.205] 0.199 [0.204,0.206] 0.205
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a ¼ 0.1, 0.5 and 0.9 values based sensitivity analysis were per-
formed. Interval Shannon's Entropy methodology was used to
determine weight values of the criteria. Three a-cutting levels were
approximately identical to the sequence of criteria (Table 17). The
results are given in Table 20.

According to Table 20, the first criterion in preference ranking of
renewable energy sources in Turkey is the Amount of Energy Pro-
duced, followed by the ranking systems Land use, Operation and
maintenance cost, Installed capacity, Efficiency, Payback period,
Investment cost, Job creation, and Value of CO2 emission. According
to these results, the first necessary condition for the selection of
renewable energy sources in Turkey is the amount of energy pro-
duction. This criterion has a positive effect. Therefore when this
criterion is increased, it must be increased in an alternative also.
Table 12 shows the amount of energy production in year 2011. As is
seen, the highest energy production amount from renewable
Table 18
Construct the Fuzzy matrix.

C1 C2

R (0.677, 0.891, 1.104) (0.500, 1.250, 2.000)
HPS (2.515, 3.270, 4.024) (0.500, 1.250, 2.000)
WPS (2.145, 2.257, 2.368) (0.086, 0.090, 0.095)
GPS (0.144, 0.157, 0.169) (0.003, 0.003, 0.003)

Table 19
The comparasions results for renewable energy supply systems.

a ¼ 0.1 a ¼ 0.5

dþ d� CC Rank dþ d�

R 8.730 0.275 0.031 3 8.735 0.269
HPS 8.531 0.473 0.052 1 8.527 0.476
WPS 8.775 0.231 0.026 4 8.734 0.221
GPS 8.534 0.468 0.052 2 8.541 0.460
energy is HPS (48,444 billion kWh). This level of production in-
creases the desirability of HPS. Indeed, in the first of its decisions for
renewable energy supply safety, the State Planning Organization of
Turkey Republic (SPOTR) declared that “all of the HPS potential
which it will technically and economically be possible to use, shall
be used to produce electric power until 2023”. The second highest
ranking criteria is “land use”. This criterion has a negative impact,
therefore a lower value is preferred in an alternative. Land use of
the renewable energy supply system is shown in Table 6. Referring
to Table 6, the lower land use from renewable energy alternatives is
GPS (18 km2/1000 MW). GPS is ranked second in the results. In the
second of its decisions for renewable energy supply safety the State
Planning Organization of Turkey Republic (SPOTR) declared that
“All of 600 MW JES potential (77.2 MW of installed capacity in
2009) is to be processed that is determined suitable for the pro-
duction of electrical energy until 2023”. The third decision is to
reach 20,000 MW (the installed capacity of 802.8 MW in 2009) of
wind power installed capacity until 2023. The present study sup-
ports the decision taken by the ministry. Thus the multi-criteria
analysis showed that the Hydro Power Station is determined to be
the most renewable energy supply system in Turkey. Additionally,
the Geothermal Power Station, Regulator andWind Power Station are
determined to be the second, third and fourth, respectively. The
government of Turkey should invest, in order of priority, in these
systems. The government should also evaluate the projects, which
are related to these renewable energy resources. Thus, investment
priorities can be planned according to ranking in Table 19, both
according to the seasonal variability of renewable energy supply
and in accordance to geographical conditions. Also, investment in a
balanced policy according to ranking in Table 19 in terms of energy
supply security is possible. In addition, we are planning to carry out
C3 … C9

(33,33,33) … (3.632,3.362,3.362)
(750,750,750) … (48.444,48.444,48.444)
(100,100,100) … (4.728,4.728,4.728)
(18,18,18) … (0.662,0.662,0.662)

a ¼ 0.9

CC Rank dþ d� CC Rank

0.030 3 8.740 0.265 0.029 3
0.053 1 8.526 0.477 0.053 1
0.025 4 8.789 0.216 0.024 4
0.051 2 8.541 0.460 0.051 2



Table 20
Criteria weights according to the Interval Shannon's Entropy methodology.

Definition of criteria Weight Unit

Amount of energy produced (C9) 0.189 billion kWh for 2011
Land use (C3) 0.184 km2/1000 MW
Operation and maintenance cost (C2) 0.156 cent/kWh
Installed capacity (C8) 0.132 MW for 2012
Efficiency (C7) 0.102 billion kWh for 2011
Payback period (C4) 0.099 year
Investment cost (C1) 0.080 cent/kWh
Job creation (C6) 0.053 person/MW
Value of CO2 emission (C5) 0.019 $/year
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further studies with energy supply system rankings in Turkey, by
using the Fuzzy VIKOR.
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