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Abstract. Energy is substantial for social development and has an essential role for the survival
and development of human as an environmental factor. Due to the serious increase ofthe world’s
primary energy price and rapid development of Turkey’s economy, energy consumption of Turkey
has become a major problem. For that purpose, opinions of the decision makers upon the relative
importance of selection criteria are determined by using a fuzzy AHP procedure based upon type-2
fuzzy sets, and fuzzy multi-criteria decision-making based upon the interval type-2 TOPSIS method
is used to rank the best renewable alternative energy. In this paper, a fuzzy multi criteria decision
making (MCDM) methodology was proposed to determine the best renewable energy alternatives
for Turkey, because type-2 fuzzy sets provide additional degrees of independence to represent the
uncertainty and the fuzziness of real world applications. The results showed that wind was the
best alternative for Turkey’s energy investments, as being followed subsequently by solar, biomass,
geothermal, hydraulic and hydrogen. The results were based upon the opinions of three energy
planning experts who ranked the energy alternatives according to the ten criteria we have selected.
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Introduction

Energy system plays an important role in the economic and social development of a coun-
try and the life quality of people. Some new governmental policies have been adopted to
encourage the introduction of energy efficiency measures, the technical changes, and the
use of renewable and sustainable energy. Renewable energy sources have been important
for humans since the beginning of civilization. Clean, domestic, and renewable energy
is commonly accepted as the key for future life. Renewable energy sources are also often
called alternative sources of energy. Renewable energy sources that utilize the domestic
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resources have the potential to provide energy services with almost zero emission of green-
house gases. Main renewable energy sources are biomass energy, hydro energy, geothermal
energy, solar energy, and wind energy. Making an energy planning decision involves a
process of balancing diverse ecological, social, technical, and economic aspects in time.
This balance is critical for the survival of nature and prosperity of energy-dependent na-
tions (Kaygusuz 2002; Soytas, Sari 2006; Abulfotuh 2007; Yuan et al. 2008; Demirbas 2008).

When we try to choose an alternative using some criteria, we have to take into account
the conflicting issues among the considered criteria. The selection among the renewable
energy alternatives is a multi-criteria decision making (MCDM) problem with many con-
flicting criteria. We have to evaluate some alternatives by considering their advantages and
disadvantages based on the selection criteria. By the way, energy assessments must deal
with qualities that are difficult to define and components that can involve both quantitative
and qualitative factors. Hence, this problem should be overcome by a MCDM method. The
methods can provide solutions to increase complex energy management problems (Kahra-
man et al. 2009; Wang et al. 2009; Kaya, Kahraman 2010).

During the 1970s, it was popular to deal with the energy problems by single-criterion
approaches which aimed to identify the most efficient supply options at a low cost. How-
ever, in the 1980s, growing environmental awareness changed the decision framework. The
need to combine the environmental and social considerations in energy planning resulted
in the increasing use of multi-criteria approaches. The MCDM methods have been widely
applied to social, economic, agricultural, industrial, ecological, and biological systems in
addition to the energy systems (Samouilidis, Mitropoulos 1982; Pohekar, Ramachandran
2004; Chang et al. 2008; Kaya, Kahraman 2010).

In many decision making problems, the decision maker’s (DM) judgments are not definite
and it is relatively difficult for the decision maker to present specific numerical values for the
criteria and qualities. In order to model this kind of uncertainty in human preferences, the
fuzzy set theory is employed very successfully. This theory was introduced by Zadeh (1965)
to express the linguistic terms in decision-making process in order to resolve the vagueness,
ambiguity, and subjectivity of human judgment (Kahraman et al. 2009).

In recent years, some methods have been presented for handling fuzzy multiple-crite-
ria group decision-making problems. Generally these methods are based upon type-1 fuzzy
sets. Since, T2FSs are more capable than ordinary fuzzy sets in handling the imprecision
and imperfect information in real-world applications, new fuzzy MCDM methodology
based upon type-2 fuzzy sets was proposed for energy decision making problem in this
paper. A type-2 fuzzy set (T2FS) is a membership function represented by an interval fuzzy
set [0, 1]. T2FS contain membership values that are crisp intervals and are the most widely
used of the higher order fuzzy sets because of their relative simplicity (Zadeh 1965, 1975;
Wu, Mendel 2007b; Aisbett et al. 2011; Chen 2013a).

In this project, we will focus on renewable energy alternatives in Turkey. Although,
Turkey has abundant renewable energy resources, these resources have not been utilized
enough. Turkey which has still been extensively dependent on importing the energy from
foreign countries as it was in the past can only meet about one third of its total energy
demand. As fossil fuel energy becomes scarcer, Turkey will most probably be faced with
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energy shortages, high energy prices, and energy insecurity within the next few decades.
Moreover, Turkey’s reliance on fossil fuel consumption will increase the global warming
and reduce the domestic environmental quality. For these reasons, the development and
use of renewable energy sources and technologies in Turkey are increasingly becoming vital
for the sustainable economic development of the country (Tsabadze 2006; Wu, Chen 2007).

In this paper, we extended the AHP and TOPSIS methodologies to suggest a new
method for discussing the fuzzy MCDM problems based upon T2FSs in order to evalu-
ate renewable energy alternatives for Turkey. In this suggested methodology, the decision
makers” opinions on the relative importance of the selection criteria were determined by
using a fuzzy AHP; and a fuzzy TOPSIS method was used to evaluate the alternatives based
upon T2FSs. The proposed method discussed fuzzy MCDM problems in a more flexible
and more intelligent manner due to the fact that it used IT2FSs rather than type-1 fuzzy
sets to represent the evaluating values and the weights of attributes.

The rest of this paper is organized as follows. In Section 1, a literature review on multi-
criteria energy decision making was briefly given. In Section 2, the definitions of interval
type-2 fuzzy sets were reviewed. In Section 3 and 4, the AHP and TOPSIS methodologies
based upon IT2FSs were introduced and explained in details. In section 5, a real case ap-
plication for Turkey was performed. The conclusion and further research suggestions were
discussed in the final section.

1. Literature review

Renewable energy sources are the fastest growing energy sources in the world. In this litera-
ture, it is easy to see many MCDM papers in energy decision making. In this sub-section,
these were briefly summarized as follows.

Pohekar and Ramachandran (2004) presented a review of the implementation of
MCDM techniques in energy planning and management. Zhou et al. (2006) reviewed the
literature about decision analysis in energy based environmental studies. Erdogmus et al.
(2006) tried to determine the most suitable fuel that could be used for residential heating
using the Analytical Network Process (ANP). Terrados et al. (2007) focused on operat-
ing a strategic plan about the renewable resources, mainly solar and biomass energy, in a
province of Spain. They presented the Renewable Energy development during the first years
of plan management, and discussed the effect of additional issues. They used MCDM tech-
niques, and also performed SWOT analysis to determine the problems and future plans.
Loken (2007) presented a literature review about the implementation of MCDM instru-
ments in energy planning problems. Mavrotas et al. (2008) modeled the uncertain power
demand by using a multi-objective mathematical programming approach. They aimed at
minimizing the total cost, and maximizing the demand satisfaction degree. Lee et al. (2008)
focused on the energy conservation and alternative energy resources related to the needs of
Korea, and they analyzed the hydrogen energy technology potential of Korea using AHP.
Terrados et al. (2009) aimed at contributing to the development of renewable energies at a
regional level, and proposed a methodology to create long-term strategies. By using SWOT
analysis, the diagnosis was established. Then, the strategies were determined, and selected.
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They asked the opinions of experts related to these strategies using the Delphi technique,
and by using MCDM, they ranked the alternatives and selected the strategies. Wang et al.
(2009) analyzed the use of multiple-criteria decision-making (MCDM) methods related to
energy planning in different stages such as criteria selection, criteria weighting, evaluation
and conclusion summary. Tsoutsos et al. (2009) used MCDM methodology to determine
the energy planning alternatives, and the alternatives were evaluated according to the eco-
nomic, technical, social, and environmental criteria. Aragonés-Beltran et al. (2010) used
the ANP approach to select photovoltaic (PV) solar power projects for a Spanish company
by minimizing the risk; thus, the best PV project was selected. Heo et al. (2010) studied
the objective of new and renewable energy resources that would increase in Korea until
2030. The assessments of such decisions were made by using fuzzy AHP. Lee et al. (2011b)
established a strategic energy technology roadmap for hydrogen energy technologies in
the hydrogen economy, and applied the integrated two-stage MCDM approach, including
the hybrid fuzzy AHP and data envelopment analysis (DEA) model to assess the relative
efficiency of hydrogen energy technologies. Kaya and Kahraman (2011) suggested a modi-
fied fuzzy TOPSIS methodology to select the best energy alternative. The weights of the
selection criteria were determined by fuzzy AHP. Cristébal (2011) used the VIKOR method
to select a renewable energy project corresponding to the renewable energy plan launched
by the Spanish Government. Lee et al. (2011a) established a strategic hydrogen energy
technology roadmap considering the economic impact, commercial potential, inner capac-
ity, and technical spin-off and suggested a methodology to prioritize the relative weights
of hydrogen energy technology roadmap (ETRM) by using a fuzzy AHP. Sueyoshi, Goto
(2012) presented a combined application of data envelopment analysis (DEA) and DEA-
Discriminant Analysis (DA) to determine the efficiency-based rank of energy firms. By us-
ing DEA, the energy firms were classified, and then it utilized from DEA-DA to assess their
efficiency scores and ranks. Xu and Chan (2013) aimed to use ANP to develop a model
for sustainable Building Energy Efficiency Retrofit (BEER) under the energy performance
contracting mechanism. Key performance indicators (KPIs) for sustainable BEER in hotel
buildings and critical success factors (CSFs) for EPC were identified as being based upon
a set of interview and questionnaire surveys that were previously conducted. Doukas et al.
(2012) aimed to look deeply into the most appropriate renewable energy resources technol-
ogy, which can be gradually introduced in the energy sector of Tajikistan, and supported
their view through demonstrations, business workshops, guides for installers with technical
details and design proposals. Streimikiene et al. (2013) aimed to look deeply into compara-
tive assessment of energy technologies in road transport multi-criteria framework in order
to develop and implement methods of MCDM for evaluating the transportation technolo-
gies. Balezentiene et al. (2013) presented a method based upon fuzzy MULTIMOOR which
provides a framework of a multi-criteria decision making for prioritization of energy crops.
Streimikiene and Balezentis (2013a) aimed to compare small-scale CHP technologies for
buildings and ranked according to the criteria. Streimikiene and Balezentis (2013b) aimed
to develop a technique for climate change mitigation assessment based upon the priorities
of sustainable energy development.
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Unlike the aforementioned studies, a MCDM methodology consisting of AHP and
TOPSIS based upon T2FS was proposed. In the proposed methodology, criteria for renew-
able energy sources in Turkey were weighted by IT2 Fuzzy AHP method. In the following
step, the alternatives were ranked by using the IT2 Fuzzy TOPSIS method. After that, when
ranking was analyzed, we determined the priority of which renewable energy alternatives
must be used based upon Turkey’s growing energy requirements in new economic order.

2. Type-2 fuzzy sets

In decision-making process, the information about the quality values is usually uncertain or
fuzzy due to the increasing complexity of the socio-economic environment and the vague-
ness of inherent subjective nature of human thought. This fact has caused many authors to
employ the fuzzy set (FS) theory to overcome the uncertainty and vagueness in decision-
making processes (Wang et al. 2012; Wang, Elhag 2006).

Some fuzzy MCDM methods have been suggested as being based upon the type-1
fuzzy sets. T2FSs involve more uncertainties than type-1 fuzzy sets. They provide us addi-
tional degrees of freedom to represent the uncertainty and the fuzziness of the real-world.
T2FSs can be regarded as an extension of type-1 fuzzy sets. T2FSs provide us a useful way
to discuss fuzzy MCDM problems in a more flexible and more intelligent manner due to
the fact that it uses interval type-2 fuzzy sets rather than traditional type-1 fuzzy sets in
order to represent the evaluation values and the weights of attributes (Lee, Chen 2008a,
2008c).

T2FSs, characterized by primary and secondary membership, are the extension of
type-1 fuzzy sets (Hu et al. 2013). In the literature, there have been some studies about
T2FSs. Chen and Lee (2010a) presented an interval type-2 fuzzy technique for order pref-
erence similar to an ideal solution (TOPSIS) to discuss decision-making problems based
upon TOPSIS. Vahdani and Hadipour (2011) proposed an ELECTRE method based on
IT2ESs to overcome a problem involving the selection of a maintenance strategy. Chen
(2011a) suggested a useful method for estimating the importance of the criteria in the
MCDA and for reducing the leniency bias in decision-making processes based upon IT-
2FSs. Chen (2011b) benefited from several score functions based on interval type-2 fuzzy
point operators to quantify both optimistic and pessimistic estimations, and developed a
model to reduce cognitive dissonance based upon IT2FSs. Chen (2012) proposed a MCDM
method with generalized interval-valued fuzzy numbers under incomplete weight informa-
tion. Wang et al. (2012) developed MCDM methods based upon the ranking values and
the arithmetic operations of IT2FSs. Chen ef al. (2012) also developed a method to ad-
dress multiple attribute group decision-making problems based on ranking IT2FSs. Chen
(2013b) presented a novel method for determining the objective importance of criteria and
for handling multiple-criteria group decision-making problems based on IT2FSs.

The basic concepts and operations of T2FSs were introduced below, and we briefly
analyzed some definitions of T2FS and IT2FSs. Blurring of the type-1 membership func-
tion (MF) depicted in Figure 1(a) by shifting the points on the triangle either to the left or
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to the right having no necessity to be at the same amounts was presented in Figure 1a(a),
as in Figure 1(b). Then, at a specific value of x, x’ expressed that there was no longer a
single value for the MF; instead, the MF took on values wherever the vertical line intersects
the blurring. Those values did not all need to be weighted as the same; hence, we could
assign an amplitude distribution to all of those points. Doing this for all, we created a three-
dimensional MF-a T2 MF-that characterized a T2FS (Mendel et al. 2006).

Let A be a type-1 trapezoidal fuzzy set, A =(a,,a,,a5,a,; H,(A),H, (A)), as shown in
Figure 2, where H, (A) denoted the membership value of the element a,; H, (A) denoted
the membership value of the element a,; 0<H,(A)<land 0<H,(A)<1.If a, =a,, then
the type-2 fuzzy set A became a triangular type-1 fuzzy set (Chen, Lee 2010b).

Definition 1. A type-2 fuzzy set Ain the universe of discourse X could be represented by
a type-2 membership function, b, was shown as below (Zadeh 1975; Mendel, John 2002;
Mendel et al. 2006; Chen, Lee 2010a):

;1 = {((%“))Hg (x,u))|‘v’x eX,Vue]y [0,1],0 < Hs (x,u) < 1} R

where 0 < bx (x,u)<1 and Jy denoted an interval in [0, 1]. Moreover, the type-2 fuzzy set
A also could be represented as below:

A=[ ol i o = | Due; wiCow! “}/ *
xeX x

where Jy < [0,1] and ﬂ denoted union over all admissible x and u. x was the primary

variable, [y < [0,1] was the primary membership of x, u was the secondary variable, and

j bx (x,u) / u was the secondary membership function (MF) at x. I denoted the union
ue

over all admissible x and u. For discrete universes of discourse, Iwas replaced by Z

pa(x)
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Fig. 1. (a) Type-1 ME (b) Blurred type-1 MF (Chen, Lee 2010)
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Fig. 2. A type-1 trapezoidal fuzzy set (Chen, Lee 2010)
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Definition 2. Let A be a type-2 fuzzy set in the universe of discourse where X was rep-
resented by the type-2 membership function Hs. If all u= (x,u) =1, then A was called an
interval type-2 fuzzy set. An interval type-2 fuzzy set A could be regarded as a special case
of a type-2 fuzzy set, represented as below (Mendel et al. 2006; Wu, Mendel 2007a; Chen,
Lee 2010a; Wang et al. 2012).

IZ = J.xeX-[uE]XI/(x,u) - IxeXl:IHijl/u:|/x,

where x was the primary variable, ]y < [O 1] was the primary membership of x, u was

the secondary variable, and j 1/u was the secondary membership function (MF) at x .
ME]X

Definition 3. In this paper, we presented a method to use IT2FS for handling fuzzy MCDM
problems, where the reference points and the heights of the upper and the lower member-
ship functions of IT2FS were used to characterize IT2FS. The upper membership function
and the lower membership function of an interval type-2 fuzzy set were type-1 membership
functions, respectively. It could be formulated as below:

A =(APAF)=( (oY afatysHy (AY ). Hy (AY)) ok alyals.alisHy (AF).H, (4F))).

where AU and AF were type-1 fuzzy sets, aY,a3,a%,aYy,ak,ak,ak and ak were the ref-
erence points of the interval type-2 fuzzy A,; H; (AU) denoted the membership value of

the element al. . in the upper trapezoidal membersh1p function AV ; 1<j<2, H, (AL)

i(j+1)
denoted the membership value of the element ak i(j41) D the lower trapezoidal membershlp

function Al; 1<j<2, H; (AIL) (Mendel et al. 2006; Chen, Lee 2010a; Wang et al. 2012;
Celik et al. 2013).

Definition 4. The ranking value Rank(A,) of the trapezoidal interval type-2 fuzzy set A,
was defined as below (Lee, Chen 2008b; Chen, Lee 2010a; Chen et al. 2011):

Rank(A;)= M, (AY )+ M, (AF)+ My (AY )+ M, (AF )+ My (AV )+ M (AF)
—i(sl(A}J)+sl(A,.L)+82(A}f)+sz(AiL)+s3(A}f)+s3(A})+S4(AF)+S4(A%)),
+HI(A}J)+HI(A})+H2(AF)+H2(A})

where M P(Zlij ) denoted the average of the elements, al and a’

ip i(p+1)°
(A] )= (a + al( 1) ) /2,1< p <3, denoted the standard deviation of the elements a] and
i ~ i 1 +1 +1 ~
j iy _ q a+l j j :
i(gn)» Sq(A]) = \/E ( - ——zk . ’kj ,1<q<3, S,(A/) denoted the standard devi-
ation of the elements a/,a’,,a’y,a’, , S, (A7) Zk 1( Zk 1at]kj H ,(A) denot-

ed the membership value of the element a/ i(pe1) 1D the trapezmdal membership function
AJ 1<p<3,je {U L} and 1<i<n. Figure 3 showed a trapezoidal interval type-2 fuzzy set.
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H,(&P)

Hy (A7)
HZ(X{‘)
H, (&)

Fig. 3. Trapezoidal membership function of the interval type-2 fuzzy set A (Lee, Chen 2008)

The upper trapezoidal membership function of AiU and the lower trapezoidal mem-
bership function of AL were used for the interval type-2 fuzzy set in order to overcome
fuzzy MCDM problems. Interval type-2 fuzzy sets were used to characterize (A) as below
(Mendel et al. 2006; Lee, Chen 2008b; Chen, Lee 2010a; Wang et al. 2012). Let,

A =AY, AF)=((a b a5 abisHy (A0), Hy (AV)) (i afyals sy (AF ) Hy (A1 )
Az —(Ag’AL) ((“%ﬂgzﬂ%’az@Hl(;‘z ) Hz(Az )) (“21)“%2’“%3>“24’H (Az) H, (AzL )))

Addition:
A ®4, -(AV.AF)®(AY.AL)-

Subtraction:
A©4, =(AV, Al )0 (AY,AL)=
(alUl —a¥,a% —a¥,,a% —al;,al —a%;min(Hl(Af]),Hl(Ag )) mm(H2 (A ) H, (Ag ))),

(&%) min( 1 (A1 )., (41

L gL gL _ gL gL _ L oL L AL
(“11 — a1 ~922-013 ~ 43,01 —a24,m1n<H1 (Al )’H

—

Multiplication:
A ®A, =(AV,Al)®(AY,AL)=

(alUl xal ) xat) s xab} afy x afysmin(Hy (AY ), Hy (A ))min( H, (A7 ), H, (Ag))),

Arithmetic operation:
. (kxaﬁ,kxag,kxa%,kxaﬂ;Hl(AIU),H2<A1U )

i - .
& (kxalekX“lerXalL3>k><a1L4;H1(AIL)’HZ(AIL)) ’
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1 1 1 1 - .
(zxaﬁ,zxaﬁ,zxaﬂ,zxaﬂﬂl (AIU)’HZ (AIU ))
1

where k > 0.

3. Type-2 fuzzy AHP methodology

The analytic hierarchy process (AHP) is a widespread decision-making analysis instrument
for modeling unstructured problems in real life. Based upon the pair-by-pair comparison
values for a set of objects; AHP is performed to elicit a corresponding priority vector that
indicates preferences. Since it is difficult to map qualitative preferences to point estimates, a
degree of uncertainty will be associated with some or all pairwise comparison values in an
AHP problem. The problem of generating such a priority vector in the uncertain pair-to-
pair comparison environment is called the fuzzy AHP problem. The first task of the fuzzy
AHP method is to decide on the relative importance of each pair of factors in the same
hierarchy (Chang 1996; Yu 2002).

In this paper, we extended the AHP method for discussing the fuzzy MCDM problems
based on interval type-2 fuzzy sets to determine weight matrix of the criteria. The steps
of Fuzzy AHP based upon IT2FSs are as below (Chen et al. 2012; Krohling, Campanharo
2011; Lee, Chen 2008b);

Step 1. Construct fuzzy pair wise comparison matrices among all the criteria in the hier-
archical structure.

L oay, - a, 1 ap a4,
I N m
a1 \uE, uE,
where
= 1 1 1 1 z z 1 1 1 1 = =
i ~ b b b > 1 ij > 2 ij | = x X » > 1 ij > 2 ij
[afj{l ai% agz ai% ai§4 ai% aigz aigl ) )
Step 2. Use geometric mean technique to define the fuzzy geometric mean as follows:
= z z ~ \l/n
riz(ai1®ai2®---®am) , (2)

where

Step 3. Calculate the fuzzy weights of each criterion using:

W, =7 ® (R one. o) . 3)
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4. Type-2 fuzzy TOPSIS methodology

TOPSIS method is a technique for order of preference similar to ideal solution. TOPSIS
method is a popular approach for MCDM, and has been widely used in the literature. A
fuzzy TOPSIS method allows discussing the uncertainty, which is inherent in the decision
making problem. In this paper, we also used the extended TOPSIS method for discussing
the fuzzy MCDM problems based upon interval type-2 fuzzy sets.

The steps of the proposed method were as below (Chen, Lee 2010a):

Step 1. Creating the decision matrix Y, of the p™ decision-maker and creating the average
decision matrix Y , respectively, shown as below:

X Xy e X,
i i i
Yp:(~;) L s (4)
Dl e T
Y:(ﬁj)mxn’
fleofe.ofk

Yy Yy Yy

k

where j?ij = ,fij was an interval type-2 fuzzy set,

1<i<m,1<j<nl1<p<k and k denoted the number of decision-makers.

Step 2. creating the weighting matrix W, of the attributes of the p™ decision-maker and
creating the average weighting matrix W, respectively, shown as below:

hofhow Jw
Wp =W )i =| WL W5 o Wy,
W = (ﬁ/z )lxm >
- (WOwe..ewk) - . ,
where w; = P ,W; was an interval type-2 fuzzy set,1<i<m,1 < p<k and
k denoted the number of decision makers.
In this paper, the weights of criteria were determined by using fuzzy AHP.
Step 3. Creating the weighted decision matrixY,,,
Al Y2 Vi
— = Vy Vyp e ¥
B=(fy),, =2 2 ©
mxn oo e .ee .
fm 17ml 17mZ 17mn

where v; =w; ® f;;,1<i<m and 1< j<n.

=
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Step 4. Based upon definition 4, calculating the ranking value v j of the interval type-2
fuzzy set v, , where1<j<n. Creatlng the ranking weighted decision matrix Y,

v = (Rank(v;)) e (7)

l]’

wherel<i<m and1<j<n.

Step 5. Determining the positive ideal solution x* =(v{",v3,..,v},) and the negative-ideal
solution x~ =(v{,v3,...Vy,) , where:

Max{Rank(v )} if f,eR

1<j<n

vi=4o ; (8a)
II\S/IerL{Rank(VJ }, if f;€F
Mln{Rank(v } if f,eF

_ 1<j<n

vy = > (8b)
Max{Rank(v )}, if f,eF
1<j<n

where F, denoted the set of benefit attributes, F, denoted the set of cost attributes, and
1<i<m.

Step 6. Calculating the distance d*(x;) between each alternative x; and the positive ideal
solution x*, was shown as below:

d*(x;)= JZ(Rank(ﬁij)—v; 2, )
i=1

where 1< j<n. Calculating the distance d" (x;) between each alternative x; and the nega-
tive-ideal solution x~, was shown as below:

m ~
d~(x;) :\/Z:(Rank(ﬁ,-j)—1/[)2 , (10)
i=1
wherel<j<n.
Step 7. Calculating the relative degree of closeness CC(x;) of x; with respect to the positive
ideal solution x*, was shown as below:
d(x;)
CC(xj) =——~——, (11)
! d(x;)—d (x;)

wherel< j<n.

Step 8. Sorting the values of CC(x;) in a descending sequence, where1< j<n. The larger
was the value of CC(x;) , the higher was the preference of the alternative x; wherel< j<n.

In this paper, a fuzzy MCDM methodology based upon TOPSIS and AHP were ex-
tended with respect toT2FSs. The framework for the proposed fuzzy methodology was
shown in Figure 4.
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GOAL: The Best Renewable
Energy

v

| Alternatives Selection |

Criteria Selection

Criteria Weights

| Pairwise Comparision |

| Evaluation for Alternatives |

CCj Values

Fuzzy AHP Based T2FS

Fuzzy TOPSIS Based T2FS

Fig. 4. The proposed fuzzy Type-2 Methodology

5. A real case application for energy decision making in Turkey

During the past 10-year period, Turkey has been the country that has the fastest increase
in energy demand among the OECD countries. Turkey was the second largest economy
with its rapidly increasing demand of energy (TMMOB 2012).

According to the Turkey Electricity Transmission Company (TEIAS) (2013), in 2012,
Turkey’s installed power capacity was increased from 53 thousand MW to 56.760 thousand
MW. While 230 billion 306.3 million kilowatt-hours (kWh) of electricity was consumed in
2011, up to 241 billion 946.8 million kWh was reached with a 5.1 percent increase in 2012.

Turkey has the chance to meet their specific part energy needs from renewable energy
sources. The energy alternatives considered are (Kreith, Goswami 2007):

- Geothermal energy (A1); the energy stored and created inside the earth in the form
of thermal energy. Geothermal power plants produce steam using the underground
hot water, and the energy is obtained through hitting of this steam to turbine.

- Solar energy (A2); Obtains energy from the sun by radiation. Solar energy is the
energy provided by the sun directly to generate electricity, and is used to generate
heat and light.

- Wind energy (A3); wind energy is obtained using special blades to catch the wind
and convert it into electrical energy through machines.

- Hydraulic energy (A4); hydro-electric power plants convert the energy of the flowing
water. This is primarily provided through dams built on rivers providing large-scale
water to be reserved, and the water released out of dam turns the turbines in order
to generate electricity.
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- Biomass energy (A5); biomass as a fuel is composed of organic matter like industrial
waste, agricultural waste, wood, and bark.

- Hydrogen energy (A6); hydrogen can be produced from various sources, including
fossil fuels, nuclear power, biomass, and renewable energy. This energy is a kind of
energy produced by obtaining hydrogen from the renewable energy sources.

The structure of the renewable energy planning decision-making problem formulated
in this study was presented in Figure 5.

Energy
alternative
selection

Fig. 5. The hierarchical structure for the selection of the renewable energy

The key dimensions of the criteria for evaluation and selection of renewable energy
alternatives were derived through comprehensive investigation and consultation with three
energy experts, including one associate professor in Department of Industrial Engineering,
one expert in State Planning Organization (SPO), one expert in State Development Agency
(SDA) in Turkey.

The criteria used in this study were as below (Wang et al. 2009):

- Efficiency (C1): Efficiency means the amount of beneficial energy that can be obtained
from an energy resource. So, by means of the reliability and cheap raw-material of
the big power plants, it depends upon its having steady development and its being
economic and productive.

— Exergy efficiency (C2): Exergy efficiency measures the efliciency of a process according
to the second law of thermodynamics. By including temperature variation, energy is
wasted all the time.

— Investment cost (C3): Investment cost includes all costs related to buying of mechani-
cal tools, installations of the technological equipment, building the roads, and con-
necting the networks to the national roads, engineering facilities, drilling and ad-
ditional secondary process.

- Operation and maintenance cost (C4): Process and maintenance costs include two
parts. One of them is cost of the process that includes wages of employees, and the
other is the money given for the energy, the products and services for the operation
of energy system.

— NOx emission (C5): NOx a general term for NO and NO,, has a direct effect upon the
health of people and indirectly affects the social condition of the society.
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- CO, emission (C6): Carbon dioxide which does not have a color, odor, and taste is a
gas that is around 1.5 times denser than the air below regular conditions of pressure
and temperature.

- Land use (C7): The environment and landscape are influenced straightly by the land
which is full of energy systems. Additionally, land can be a common standard to as-
sess the energy system.

- Social acceptability (C8): Social acceptability means determining the assumed percep-
tion of projects by the society revising the views of consumers. In other words, this
term expresses the summary of local people’s views upon the energy plants.

— Job creation (C9): Economic development and prosperity of the local people in regions
where the power plants were established depends upon this power plant for decades.
The long-standing power plants providing a more desirable life standards and em-
ployment for the local people are more convenient.

— Net Present Value (C10): NPV can be cleared as the whole current value of a time
period of cash flows. NPV is a typical method which evaluates the worth of money
depending on time in long standing energy studies.

After determining the evaluation criteria and the alternative set, the steps of the modi-
fied Type-2 fuzzy AHP algorithm was implemented for the decision matrix. In order to
determine the relative importance of each evaluation criterion, the experts used a nine-
point scale which could be seen in Table 1. Table 3 presented the comparison results of the
evaluation criteria created by three energy planning experts.

Table 1. Fuzzy evaluation scores for the pairwise comparisons of criteria

Linguistic terms Type-2 fuzzy sets
Absolutely Strong (AS) ((4.00, 5.00, 5.00, 6.00; 1.00 1.00), (4.50, 5.00, 5.00, 5.50; 1.00 1.00))
Very Strong (VS) ((3.00, 4.00, 4.00, 5.00; 1.00 1.00), (3.50, 4.00, 4.00 4.50; 1.00 1.00))
Fair Strong (FS) ((2.00, 3.00, 3.00, 4.00; 1.00 1.00), (2.50, 3.00, 3.00, 4.50; 1.00 1.00))
Slightly Strong (SS) ((1.00, 2.00, 2.00, 3.00; 1.00 1.00), (1.50, 2.00, 2.00, 3.50; 1.00 1.00))
Equal (E) ((1.00, 1.00, 1.00, 1.00; 1.00 1.00), (1.00, 1.00, 1.00, 1.00; 1.00 1.00))
Slowly Week (SW) ((0.33, 0.50, 0.50, 1.00; 1.00 1.00), (0.29, 0.50, 0.50, 0.67; 1.00 1.00))
Fair Week (FW) ((0.25, 0.33, 0.33, 0.50; 1.00 1.00), (0.22, 0.33, 0.33, 0.40; 1.00 1.00))
Very Week (VW) ((0.20, 0.25, 0.25, 0.33; 1.00 1.00), (0.22, 0.25, 0.25, 0.29; 1.00 1.00))

Absolutely Week (AW) ((0.17, 0.20, 0.20, 0.25; 1.00 1.00), (0.18, 0.20, 0.20, 0.22; 1.00 1.00))

Table 2. Fuzzy evaluation scores for the pairwise comparisons of alternatives

Linguistic terms Type-2 fuzzy sets
Very Low (VL) ((0.00, 0.00, 0.00, 0.10; 1.00, 1.00), (0.00, 0.00, 0.00, 0.05; 0.90 0.90))
Low (L) ((0.00, 0.10, 0.10, 0.30; 1.00, 1.00), (0.05, 0.10, 0.10, 0.20; 0.90 0.90))
Medium Low (ML) ((0.10, 0.30, 0.30, 0.50; 1.00, 1.00), (0.20, 0.30, 0.30, 0.40; 0.90 0.90))
Medium (M) ((0.30, 0.50, 0.50, 0.70; 1.00, 1.00), (0.40, 0.50, 0.50, 0.60; 0.90 0.90))
Medium High (MH) ((0.50, 0.70, 0.70, 0.90; 1.00, 1.00), (0.60, 0.70, 0.70, 0.80; 0.90 0.90))
High (H) ((0.70, 0.90, 0.90, 1.00; 1.00, 1.00), (0.80, 0.90, 0.90, 0.95 0.90 0.90))

Very High(VH) ((0.90, 1.00, 1.00, 1.00; 1.00, 1.00), (0.95, 1.00, 1.00, 1.00; 0.90 0.90))
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Table 3. Linguistic expression for pairwise comparisons of evaluation criteria

Cl1 C2 C3 C4 C5 Cé Cc7 C8 C9 C10

D, 1 FW FW FW VW AW VW SW \AY E
C1 D, 1 SW SW VW VW VW FW SW VW E
D, 1 SW SW VW AW AW FW SW VW E
D, ES 1 E SW SW FW SW SS SW ES
C2 D, SS 1 E FwW FwW Fw SW E FW ES
D, SS 1 E FwW Vvw VW SW E FW SS
D, ES E 1 SW SW FW SW SS SwW ES
C3 D, SS E 1 FwW FW FW SW E Fw ES
D, SS E 1 Fw vw VW SW E FW SS
D, FS SS SS 1 E SW E ES E VS
C4 D, VS ES ES 1 E E SS ES ES \BS
D, VS ES ES 1 SW SW SS N E VS
D, VS SS SS E 1 SW E FS E \S
C5 D, VS ES FS E 1 E SS FS ES '
D, AS \BS \S SS 1 E ES VS SS AS
D, AS FS FS SS SS 1 SS VS SS AS
Cé D, VS 13N FS E E 1 SS FS ES \S
D, AS VS VS SS E 1 ES VS SS AS
D, VS SS SS E E SW 1 ES E \BS
Cc7 D, ES SS SS SW SW SW 1 SS SW FW
D, ES SS SS SW FW FW 1 SS SW ES
D, SS SW SW FwW FW VW FW 1 VW SS
C8 D, SS E E Fw FW FW SW 1 FW ES
D, SS E E Fw VW VW SW 1 Fw SS
D, VS SS SS E E SW E VS 1 VS
c9 D, VS 1N FS Fw FW FW SS FS 1 'S
D, VS ES ES E SW SW SS ES 1 VS
D, E FW FW VW VW AW VW SW VW 1
C10 D, E FW FW Vvw VW VW FS Fw VW 1
D E SW SW VW AW AW FW SW VW 1

N

In the next step, using Tables 1 and 3, the fuzzy evaluation matrix for the criteria
weights was obtained. In order to obtain this matrix, the geometric means of the fuzzy
scores in Table 3 were calculated. In the next step, after obtaining the geometric means
values, the weight vector was calculated. Finally, normalized weight vector was obtained
as in Table 4.

AHP method requires determining whether there is any inconsistency with the com-
parison matrix of criteria. Because of that, it suggests the use of a consistency ratio. Con-
sistency ratio, CR, is acceptable when it is smaller than 10% value, and this means the
matrix is consistent. Consistency analysis for this study, the CR value was obtained as
(0.052). Therefore, the comparison matrix of criteria was acceptable and consistent results
were obtained.
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Table 4. Results of the fuzzy AHP procedure for the determination of the weights

w

Cl  ((0.32,0.4,0.4,0.57;1,1),  (0.31,0.4,0.4,0.47;0.9,0.9))

C2  ((0.57,0.77,0.77,1.09;1,1), (0.58,0.77,0.77,0.97;0.9,0.9))
C3  ((0.57,0.77,0.77,1.09;1,1), (0.58,0.77,0.77,0.97;0.9,0.9))
C4  ((1.38,1.86,1.86,2.38;1,1), (1.59,1.86,1.86,2.4;0.9,0.9))
C5  ((1.64,2.19,2.19,2.73;1,1), (1.91,2.19,2.19,2.77;0.9,0.9))
C6  ((1.79,2.53,2.53,3.22;1,1), (2.17,2.53,2.53,3.34;0.9,0.9))
C7  ((0.88,1.25,1.25,1.76;1,1), (0.99,1.25,1.25,1.66;0.9,0.9))
C8  ((0.49,0.64,0.64,0.89;1,1), (0.5,0.64,0.64,0.8;0.9,0.9))

C9  ((1.22,1.63,1.63,2.13;1,1), (1.36,1.63,1.63,2.06;0.9,0.9))
CI0  ((0.35,0.44,0.44,0.6;1,1), (0.35,0.44,0.44,0.51;0.9,0.9))
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Next step is the determination of the best energy alternative with extends the TOPSIS
method for handling fuzzy MCDM problems based upon IT2Fs procedure. Table 5 present-
ed the results of the linguistic expression pairwise comparisons of the alternatives-criteria
matrix made by energy planning experts. To do this, experts evaluated the energy alterna-
tives in terms of each criterion using Table 2. While the experts evaluate the alternatives,
they assumed that all the criteria were beneficial criteria.

Table 5. Linguistic expression for Evaluation scores of the alternatives

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10
D, H M M M ML M H M M H
Al D, MH M MH MH M MH MH MH H
D, H MH MH M M ML H H H MH
D, MH VH H MH VH H MH MH ML ML
A2 D, M MH MH M M H MH MH M ML
D, M MH H H M MH H VH VH L
D, H L H H M H H H H H
A3 D, MH ML H M H VH VH H H H
Ds H MH MH MH H H VH H H H
D, M MH VL VH H M H L L VL
A4 D, M H VL VL M H H L VL VL
D, M MH VH VH H H ML VH H VL
D, MH H H H ML M M M MH VH
A5 D, H MH M MH M M M MH H VH
D, MH MH MH ML M ML M MH H
D, VH H L ML VL VL L VH M L
A6 D, H VH L ML VL VL L VH M L
D VH H ML M VL VL L VH M VL

Y
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In the next step, calculating the arithmetic means of the associated fuzzy scores of the
evaluation results were calculated by the experts, and the evaluation matrix was obtained.
Following this step, the weighted normalized Type-2 fuzzy decision matrix was established
as shown in Table 6. After obtaining the fuzzy weighted decision table, the positive ideal
(FPIS, d;" ) solutions and negative ideal (FNIS, d; ) solutions were obtained as shown in
Table 7. Finally, the closeness coefficient ( CC; ) of each alternative was calculated.

Table 7. The obtained results

d; d; CC; Rank
Al 1.5465 2.3807 0.6062 5
A2 0.8396 3.0876 0.7862 2

A3 0.2391  3.6881  0.9391
A4 1.4525  2.4747  0.6301
A5 1.4954 24318  0.6192
A6 3.4175  0.5097  0.1298

p—

| | W

According to Table 7, the ranking of the alternatives was A3-A2-A4-A5-Al, and A6.
The best alternative was determined as wind energy. The order of the rest was as solar,
hydraulic, biomass, geothermal, and hydrogen energy.

Conclusions

The development and use of renewable energy sources and technologies have increasingly
been becoming crucial for sustainable economic development of a country. For that reason,
renewable energy is reliable and abundant, and will potentially be very cheap once tech-
nology and infrastructure has been improved and managed to meet the energy demand.

In this paper, we used both interval type-2 fuzzy TOPSIS method and interval type-2
fuzzy AHP method together to discuss the fuzzy MCDM problems for energy planning
and investment. These methods provide us a useful way to deal with the fuzzy MCDM
problems. They are more intelligent, flexible, and sensitive than the traditional type-1 fuzzy
sets. Interval type-2 fuzzy number has more flexibility in capturing uncertainties in the real
world due to the fact that it is defined by primary and secondary membership.

In this paper, we proposed a new fuzzy MCDM method based upon T2FSs. In the first
stage, the criteria weights were determined by interval type-2 fuzzy AHP method. Then,
all the alternatives were calculated according to the ranking vector determined by interval
type-2 fuzzy TOPSIS method. The proposed methodology was used to determine the best
suitable renewable energy alternative for Turkey. The best alternative was determined as
wind energy, the rest were as solar, hydraulic, biomass, geothermal, and hydrogen energy,
respectively. This result was the outcome of a survey carried out by three energy planning
experts who ranked the energy alternatives according to ten criteria that we selected. If
possible, increasing the number of experts in the survey would help support the claims.
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In the future, we can perform the proposed methodology to other decision-making
problems such as selection of supplier, selection of facility location, selection of material,
and selection of software.
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