
 

  
Abstract— Sustainable and renewable energy systems are an 
effective solution to depletion of fossil energy resources and 
prevent serious environmental problems resulted from energy 
production. Government of Turkey is aware of current global 
warming issue and puts emphasize on growing renewable 
energy utilization rate in meeting energy demand of the 
country. In this study, we aimed to find out the best 
performing energy alternative and thus to guide decision 
makers on energy investments. Therefore we evaluated four 
sustainable and renewable energy power plant types, which are 
solar, wind hydraulic and landfilled gas (LFG). For the 
evaluation of the alternatives, there are many factors to 
consider and multicriteria decision making (MCDM) methods 
are an appropriate approach for this issue. In this regard, we 
determined 22 evaluation criteria in technical, economical and 
environmental aspect and applied VIKOR technic among the 
MCDM methods. In order to cope with vagueness and 
uncertainty in this evaluation process, we integrated VIKOR 
method with fuzzy approach. Finally according to the results 
obtained, LFG is best performing sustainable energy resource 
followed by solar, wind and hydraulic.  

 
 

Index Terms— fuzzy VIKOR, energy power plants, MCDM, 
sustainable and renewable energy 
 

I. INTRODUCTION 
HE current energy use and dependence of human beings 
are increasing inevitably. The majority of energy need 

(81%) is met from fossil resources all over the world [1]. 
This high-level consumption rate has caused a rapid 
reduction of reserves and has been creating serious 
environmental problems. Fossil fuel use is a primary source 
of CO2 emissions and only coal-fired plants, which are 40% 
of world energy production, are responsible more than 70% 
of total energy sector emissions [2]. Additionally, fossil fuel 
reduction causes energy shortage in the next decades and 
therefore in both energy supply and environmental pollution 
side, unconscious consumption of fossil fuels should be 
lowered to an acceptable level. Consequently, in 1997 
Kyoto Protocol has emerged as a concrete step for taking 
precaution and mainly the protocol necessitates reduction of 
harmful emissions to 1990 levels. If we continue to emit 
greenhouse gas (GHG) emissions at the same level, most 
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probably the global warming temperature threshold which is 
a limit temperature resulted in dangerous climate change 
will be exceeded in the next decades [3]. Under these 
circumstances, an urgent 50-70% emission reduction policy 
should be applied to stabilize global CO2 concentrations at 
the 1990 level by 2100 [4]. In order to draw attention of the 
world to this issue one more time, Paris Agreement has been 
declared in 2015. It is a long-term action plan to avoid 
climate change impacts and keep the warming temperature 
below the critique level of 2°C.   

These scenarios show that if we don’t take due 
precautions, we will be faced with serious dangers resulted 
from global warming in a short span of time. In relation to 
that, authorities have been seeking for a solution to 
overcome these problems. As a result of this, an orientation 
has been occurred towards renewable energy resources since 
it is one solution to both supplying energy need and 
reducing carbon emissions. Therefore, it becomes a trend 
followed by governments, companies, and researchers to 
utilize clean energy sources against increasing in energy 
demand and environmental problems.  

Turkey is one of the signatory countries of Kyoto 
Protocol and its contribution to global warming in the last 
150 years is at a rate of 0.04%. While greenhouse gas 
emission of Turkey was 187 million ton in 1990, it reached 
a level of 370 million ton in 2009 [5]. Doubling GHG 
emissions in 20 years stems from growing industrialization 
activities of Turkey in recent decades. Progress in the 
industry has led to increase in energy requirement of 
Turkey. As energy need of Turkey grows, it is still a foreign 
dependent country in terms of supplying energy requirement 
and only 28,5% of energy supply is from domestic 
production [6]. However it has rich renewable energy (RE) 
potentials and there are policies encouraging investors, 
companies, and universities to use RE systems for energy 
supply. 26.4% of Turkey's electricity generation is from RE 
resources and the biggest contributor with 24.5% is 
hydroelectric power plants [7]. Our country aims to obtain 
30% of energy production from RE sources by 2023 [8]. 
These are our main motivations to choose and study on the 
sustainable energy systems.  

When we analyze sustainable and renewable energy 
operation systems, we should consider many factors in 
technical, economical, environmental and social perspective. 
Therefore applying MultiCriteria Decision Making 
(MCDM) methods is an appropriate approach for this 
matter. By MCDM methods we are able to solve decision-
making problems that may contain conflicting criteria 
within itself and MCDM techniques increase the quality of 
decisions.  
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We determined to apply VIKOR technique among the 
plenty of MCDM methods because it has additional 
benefits, which enable maximum group utility of the 
majority with minimum individual regret of the opponent 
[9]. Many researchers apply MCDM method by combining 
its techniques to reach better results. VIKOR studies follow 
this pattern and besides single applications of VIKOR, there 
are sheer number of studies combined with different 
approaches and technics. The most preferred combination 
with VIKOR is fuzzy approach [10] [11]. It is developed by 
Lotfi Zadeh in 1965 to cope with vagueness and uncertainty 
of the problems [12]. When we analyze the energy power 
plants, we face fuzziness in data and it becomes difficult to 
define exact values. For example annual electricity 
production of solar, wind and hydropower heavily depend 
on seasonal conditions. By fuzzy set theory, we are able to 
define an accurate interval rather than assigning an exact 
value. Therefore we integrated fuzzy approach into VIKOR 
and it will improve the quality of results in our study. 

II. LITERATURE REVIEW 
Since the global warming and its inevitable impacts on all 

living creatures become a current issue of the world, there 
has been an increase in energy studies.  The literature is very 
rich in clean energy studies with MCDM methods. 
Sustainable energy includes renewable energy sources, 
thereby the studies center on selecting best renewable 
energy alternatives/technologies offered by authorities.     

There are several common criteria that are widely used in 
MCDM related to energy studies. These are energy and 
exergy efficiency; investment, operations and maintenance 
cost; CO2, NOX emissions, and land use; public opinion and 
employment in technical, economical, environmental and 
social categories respectively [13]. Determination of the 
criteria heavily depend on the nature of the study for 
instance, it can vary from country to country or relates 
whether the study is performed from government side or 
private sector. 

If we analyze the RE energy studies over the past two 
decades, in 1997 Mirasgedis and Diakoulaki performed a 
cost analysis of electricity production systems including RE 
sources [14]. They used MCDM method for identifying 
their environmental impacts. Iniyan and Sumathy (1998) 
presented a study to find an optimal RE model reducing 
cost-efficiency ratio and they also presented best utilization 
fields of RE sources [15]. Beccali et al. prepared an action 
plan to spread RE technologies and used ELECTRE method 
to find the best technology in 2003 [16]. Afgan and 
Carvalho made an assessment study to specify RE power 
plant evaluation criteria in sustainability frame. They 
created sustainability index of the alternatives in their study 
in 2001 [17].  

Kaya and Kahraman applied AHP and VIKOR techniques 
to obtain the best renewable energy for Istanbul and the 
plant side of the best option under fuzzy environment. They 
used AHP method to reach criteria weights and utilized 
VIKOR for the remaining part. As a result, they found out 
wind energy and Çatalca district in terms of the best 
renewable energy type and its place [13]. Same topic with 
different technics and criteria was investigated to reach best 
energy policy and technology. In this regard, İ.Kaya and 

Kahraman preferred fuzzy AHP technic [18]; Kahraman and 
Kaya applied modified fuzzy TOPSIS [19]. 

Zerpa and Yusta applied integrated AHP-VIKOR method 
in their. In order to be more realistic, they asked for four 
groups of expert's opinion in different sectors such as 
academia, private companies and determined the criteria 
weights. Finally, hybrid renewable technology systems were 
found as the best solution for their problem [20].  
Şengül et al. analyzed RE resources in Turkey frame with 

fuzzy TOPSIS and applied Shannon's entropy methodology 
to find criteria weighted values. According to their criteria, 
the best option was hydropower for Turkey [21]. 

Tasri and Susilawati conducted a study for Indonesia and 
aimed to find the best RE alternative in terms of generating 
electricity. They evaluated RE resources with fuzzy AHP 
technic and found that hydropower is the most appropriate 
alternative for Indonesia [1]. Streimikiene et al. had same 
research with different techniques MULTIMOORA and 
TOPSIS to find best sustainable electricity generation 
technologies. The authors suggest water and solar thermal 
resources in this regard [22]. 

Zhang et al. emphasized the conflicting criteria when an 
RE alternatives are evaluated and state that traditional 
MCDM methods are inadequate to overcome this matter. 
They proposed an improved model that is integrated with 
Choquet Integral and fuzzy approach [23].  

Almost every country goes through choosing an 
appropriate electricity production system. For example, San 
Cristobal worked on renewable energy project alternatives 
provided by Spanish Government within its energy policy. 
He performed VIKOR method and utilized AHP method for 
weighting process [24]. A similar study was done for 
Malaysia with different technic. In order to cope with 
uncertainty, the researchers applied intuitionistic fuzzy 
analytic hierarchy process (IF-AHP). It is a different scale to 
convert linguistic variable to numbers and obtained from 
initial AHP scale [25]. Turskis et al. carry out a study for 
Lithonia to choose best electricity production system. They 
applied AHP methodology and obtained biomass energy as 
the best option. Also, a sensitivity analysis was done with 
ARAS but the result stayed the same [26]. 

III. FUZZY SET THEORY 
The theory was proposed to overcome ambiguity, 

uncertainty, and vagueness of the problems. Zadeh has 
specified a fuzzy set such that it is a class of objects with a 
continuum of grades of membership and this set allows its 
members to have different grade of membership from 0 to 1 
[12]. In other words, an element either belongs or does not 
belong to a set in classical sets, which compatible with 
binary logic 0 or 1. Whereas in fuzzy sets, an element can 
partially belong to that set.  

A linguistic value that is not described explicitly such as 
young can be represented mathematically in the interval 
[0,1] that indicates the degree of being young [27]. We 
utilized linguistic variables in this study to estimate 
importance weight of the evaluation criteria and to assess 
performance of the alternatives according to qualitative 
criteria. Linguistic variables are expressed by fuzzy numbers 
and Table I and II show the corresponding fuzzy numbers of 
the variables [28]. There are different types of fuzzy 
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numbers defined such as triangular, bell shaped, trapezoidal 
and we have preferred triangular fuzzy numbers (TFN) to 
implement in this study. TFN has more accuracy in results 
and provides the ease of computation [29]. TFN is defined 
as follows [30]: 

Let 		 x ,l ,m,u∈!  and 		 µ !A(x)  is a membership function of 

x in 	 !A . A triangular fuzzy number 		 
!A= l ,m,u( ) is defined 

such that: 

		 

µ !A(x)=

0, x ≤ l ,
(x − l)/(m− l), l < x ≤m,
(u− x)/(u−m), m< x ≤u,
0, x >u.

⎧

⎨

⎪
⎪

⎩

⎪
⎪

       (1) 

 
where l is the lower bound, u is the upper bound and m is 
the most probable value of 	 !A . Fig. 1 illustrates the 
membership function of TFNs. 

TFN has mathematical operations and some of them, 
which we applied in this study, are defined as follows [31]:  

		 1!A ⊕ 2!A = 1l + 2l , 1m + 2m , 1u + 2u( )            (2) 

		 1!AΘ 2!A = 1l − 2u , 1m − 2m , 1u − 1l( )            (3) 

		 1!A ⊗ 2!A = 1l × 2l , 1m × 2m , 1u × 2u( )  for positive 		 
!A1     (4) 

		 k⊗
!A= k × l ,k ×m,k ×u( )   for nonnegative k      (5) 

		 
!A/k = l /k ,m/k ,u/k( )     for positive k        (6) 

 
TABLE I 
TFN values for the determination of the criteria weight 
Linguistic Variables  Corresponding TFNs 
Very Low  (0.0, 0.1, 0.2)  
Low  (0.1, 0.2, 0.3)  
Medium Low  (0.2, 0.35, 0.5)  
Medium  (0.4, 0.5, 0.6)  
Medium High  (0.5, 0.65, 0.8)  
High  (0.7, 0.8, 0.9)  
Very High (0.8, 0.9, 1.0)  
 
TABLE II 
TFN values for the performance evaluation 
Linguistic Variables Corresponding TFNs 
Very Poor  (0, 1, 2)  
Poor  (1, 2, 3)  
Medium Poor  (2, 3.5, 5)  
Fair  (4, 5, 6)  
Medium Good  (5, 6.5, 8)  
Good  (7, 8, 9)  
Very Good  (8, 9, 10)  
 
 

 
Fig. 1. Membership Function of a TFN 

IV. THE FUZZY VIKOR METHOD 
VIKOR method was developed by Opricovic in 1990 for 

multicriteria optimization of complex systems. The method 
provides a compromise ranking list as a solution. The 
compromise ranking is obtained by measuring the distance 
of alternatives to the ideal. If there are conflicting criteria in 
the problem, VIKOR methodology still ranks the 
alternatives because it is a solution oriented technic.  

In a similar manner, the fuzzy VIKOR method has been 
developed to reach a compromise solution in an MCDM 
problem under fuzzy environment. For a fuzzy multicriteria 
problem, there are J alternatives j=1,2,…J and n criteria 
i=1,2…n. 

	
Aj indicates the jth alternative. 

	 
!fij  is a triangular 

fuzzy number for performance rating of jth alternative by ith 

criterion such that 		 
!fij = lij ,mij ,uij( ) . 	I b denotes criteria 

representing benefit and 	I c denotes cost. Opricovic defines 
steps of fuzzy VIKOR method as follows [31]: 
Step1: Determination of fuzzy best 		 

!fi
∗ = li

* ,mi
*ui

*( )  and fuzzy 

worst 		 
!fi
" = li

" ,mi
"ui
"( ) values for each criterion 

	 
!fi
∗ =

j
MAX !fij ,  

	 
!fi
" =

j
MIN !fij    for 	i∈Ib ;        (7) 

	 
!fi
∗ =

j
MIN !fij ,  

	 
!fi
" =

j
MAX !fij    for 	i∈I c ;        (8) 

Step2: Computation of normalized fuzzy difference 
	 
!dij  

		 
!dij = i

∗!f Θ ij
!f( )/ i

∗
u − i

"
l( )      for 	i∈Ib ;       (9) 

		 
!dij = ij

!f Θ i
∗!f( )/ i

"
u − i

∗
l( )         for 	i∈I c ;            (10) 

Step3: Computation of 		 j!S = j
l
S , j

m
S , j

u
S( )  and 		 j!R = j

l
R , j

m
R , j

u
R( ) . 

	 
!S j refers to the distance of alternative j from the best value 

and 	 
!Rj  is the distance from the worst value.  

		 
!S j = !wi⊗ !dij( )

i=1

n
∑       (11)      

	 
!Rj =MAXi !wi⊗ !dij( )        (12) 

Step4: Computation of the values 
		 j
!Q = j

l
Q , j

m
Q , j

u
Q( ) by  

		 
!Qj = v !S jΘ !S

∗( )/ S"u − S *l( )⊕ 1− v( ) !RjΘ !R
∗( )/ R"u −R∗l( )   (13) 

where 
		 
S * =MIN

j
!S j , 	 

S!u =MAX
j
S j
u , 

	 
!R∗ =MIN

j
!Rj , 

	 
R!u =MAX

j
Rj
r and while v is weight to represent the 

maximum group utility, (1-v) indicates weight of the 
individual regret. v value can be estimated by v=(n+1)/2n or 
could be 0.5 to compromise both side. 
Step5: Defuzzification of 

	 
!S j , 

	 
!Rj and 

	 
!Qj by the relation 

Crisp(	 !F )=(2m+l+u)/4. The equation is used to calculate 
crisp score of a fuzzy number. 
Step6: Ranking the alternatives by crisp score of S, R and Q 
in ascending order.  
Step7: Reaching the compromise solution 
The alternative having the smallest Q value indicates the 
best option among the alternatives if the following condition 
1 and 2 are satisfied.  
  C1. Acceptable Advantage 
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		Q A(2)( )−Q A(1)( )≥DQ                  (14) 

where 		A(1) and 		A(2) are first and second best alternative 
respectively in the Q ranking list. The threshold value is 
DQ=1/(J-1) 
  C2.Acceptable stability in decision-making 
The best alternative 		A(1) must also be the best ranked by S 
or/and R. If one of the conditions is not satisfied, then a set 
of compromise solutions is proposed as the following:  
-If only the second condition is not satisfied,		A(1) and 		A(2) or, 
-If the first condition is not satisfied, 		A(1) ,		A(2) ,…		A( J )  can 
be a compromise solution. 		A( J ) is determined by 

		Q A( J )( )−Q A(1)( ) <DQ  for maximum J. 

V. AN APPLICATION: EVALUATION OF SUSTAINABLE AND 
RENEWABLE ENERGY POWER PLANTS  

There has been a development in renewable energy 
investments in Turkey and Turkish government supports the 
investments by providing purchase guarantee for electricity 
production. We aim to find out the best performing 
sustainable and renewable energy alternative and by means 
of this to lead the energy investors. We conducted this study 
based on four most common sustainable and renewable 
energy power plant types in Turkey, which are solar energy 
(SE), wind energy (WE), hydraulic energy (HE) and 
specifically land filled gas energy (LFG-E) consisting of 
solid waste under the category of biomass.  

A. Determination of evaluation criteria 
One of the most important aspects of the MCDM 

problems is to determine evaluation criteria properly. In this 
study, firstly we utilized the literature to choose energy 
evaluation criteria afterwards revised with the decision 
makers. As the most frequently adopted criteria in the 
energy evaluation studies are used, there are some different 
criteria special to our study such as government support rate 
and cost increasing rate due to expertise of the decision 
makers. We determined the criteria list that needs to be 
considered to evaluate sustainable energy power plants. The 
criteria analyzing in technical aspect are; C1: technical 
efficiency, C2: technical risk, C3: maturity, C4: net annually 
electricity production, C5: plant construction time, C6: land 
use, C7: per unit installed power, C8: plant lifetime and C9: 
reserve potential. In economical aspect of the criteria are; 
C10: annual income, C11: investment cost, C12: total 
operating cost, C13: payback period, C14: government 
support rate, C15: maintenance and repair cost increasing 
rate and C16: employment. In environmental aspect of the 
criteria are; C17: lifecycle GHG emissions, C18: GHG 
emissions avoided, C19: impact on the ecosystem, C20: social 
acceptability, C21: noise and C22: visual impact.   

To estimate importance weight, the decision makers 
provided us ratings of all the criteria individually by 
referring Table I. We synthesized different opinions of 
decision makers on one criterion by averaging 
corresponding TFN values given by the decision makers. 
Consequently, fuzzy weights of the criteria are shown in 
Table III. The last column of Table III states the order of 
importance of each evaluation criterion. 

TABLE III 
Fuzzy importance weights of the criteria 
Criteria Fuzzy importance weight Crisp Score 
C1 (0.775, 0.875, 0.975) 0.875 [1] 
C2 (0.7, 0.813, 0.925) 0.813 [6] 
C3 (0.725, 0.825, 0.925) 0.825 [5] 
C4 (0.7, 0.8, 0.9) 0.8 [7] 
C5 (0.175, 0.313, 0.45) 0.313 [15] 
C6 (0.433, 0.55, 0.667) 0.55 [12] 
C7 (0.433, 0.55, 0.667) 0.55 [12] 
C8 (0.6, 0.713, 0.825) 0.713 [10] 
C9 (0.733, 0.833, 0.933) 0.833 [4] 
C10 (0.7, 0.8, 0.9) 0.8 [7] 
C11 (0.725, 0.838, 0.95) 0.838 [3] 
C12 (0.725, 0.825, 0.925) 0.825 [5] 
C13 (0.675, 0.788, 0.9) 0.788 [8] 
C14 (0.75, 0.85, 0.95) 0.85 [2] 
C15 (0.675, 0.788, 0.9) 0.788 [8] 
C16 (0.275, 0.388, 0.5) 0.389 [14] 
C17 (0.675, 0.788, 0.9) 0.788 [8] 
C18 (0.75, 0.85, 0.95) 0.85 [2] 
C19 (0.75, 0.85, 0.95) 0.85 [2] 
C20 (0.65, 0.75, 0.85) 0.75 [9] 
C21 (0.5, 0.613, 0.725) 0.613 [11] 
C22 (0.375, 0.488, 0.6) 0.488 [13] 
Note: [.] denotes the ranking order. 

B. Creating of performance matrix 
We have 5 qualitative criteria such as visual impact, 

maturity and 17 quantitative criteria such as construction 
time, payback period. For the qualitative criteria, the 
decision makers rated the alternatives by referring Table II. 
We estimated the performance rating of the alternatives by 
averaging corresponding TFN values given by the decision 
makers. For the quantitative criteria, we have given numeric 
data for each alternative. Table IV shows the fuzzy 
performance ratings of the alternatives [7], [32]-[36]. 

C. Calculation of normalized fuzzy difference 
After we obtained the performance matrix, (7) and (8) 

were used to specify fuzzy best and worst values. In the 
following step (9) and (10) were applied to calculate the 
normalized fuzzy difference. The results are in Table V. 

D. Calculation of 
	 
!S j , 	 
!Rj and 

	 
!Qj values 

	 
!S j and 

	 
!Rj values computed were using (11) and (12) with 

the data listed in table IV. For 
	 
!Qj value, (13) was used and v 

value was estimated as 0,52 utilizing the formula in step 4. 
All the results of the computations are placed in Table VI. 

E. Defuzzification and ranking the alternatives 
This study adopts the defuzzification method given in 

step 5 to obtain crisp scores of fuzzy numbers. We obtained 
Table VII. Consequently, there are three ranking lists of 
alternatives and LFG power plant is in the first order in each 
ranking list. According to the result of fuzzy VIKOR 
application, LFG is the best performing option among the 
alternatives. However, the results do not satisfy condition 
one in VIKOR method, which states there is a considerable 
difference “acceptable advantage” between the alternatives. 
It means that LFG is still our best compromise solution; on 
the other hand selection of LFG among the alternatives does 
not far outweigh the other alternatives. Rests of the 
alternatives too are in the set of compromise solutions and a 
decision maker may prefer one of them.  
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TABLE IV  
Performance matrix of the alternatives 
                  SE                WE              HE             LFG-E 
C1 (0.15,0.187,0.22) (0.25,0.29,0.4) (0.3,0.364,0.5) (0.8,0.913,0.95) 
C2 (6.5,7.5,8.5) (6.5,7.5,8.5) (7.25,8.25,9.25) (3.25,4.25,5.25) 
C3 (7,8,9) (7,8.125,9.25) (6.25,7.375,8.5) (6.5,7.625,8.75) 
C4 (44580.375,44625,44669.625) (79929.99,80010,80090.01) (55069.875,55125,55180.125) (293706,294000,294294) 
C5 (11.538,11.55,11.562) (14.685,14.7,14.715) (25.175,25.2,25.225) (12.587,12.6,12.613) 
C6 (127.373,127.5,127.628) (7.993,8.001,8.009) (0.209,0.21,0.21) (587.412,588,588.588) 
C7 (77.922,78,78.078) (3.147,3.15,3.153) (0.066,0.066,0.066) (73.427,73.5,73.574) 
C8 (31.469,31.5,31.532) (26.224,26.25,26.276) (51.399,51.45,51.501) (36.713,36.75,36.787) 
C9 (58741.2,58800,58858.8) (50349.6,50400,50450.4) (49821.978,49871.85,49921.722) (3978.667,3982.65,3986.633) 
C10 (14.809,14.824,14.838) (7.343,7.35,7.357) (27.939,27.967,27.995) (13.951,13.965,13.979) 
C11 (71.082,71.153,71.224) (64.699,64.764,64.829) (57.143,57.2,57.257) (17.607,17.625,17.643) 
C12 (0.864,0.865,0.866) (0.688,0.689,0.69) (2.27,2.272,2.275) (1.124,1.125,1.126) 
C13 (7.343,7.35,7.357) (10.49,10.5,10.511) (10.49,10.5,10.511) (5.245,5.25,5.255) 
C14 (13.636,13.65,13.664) (6.818,6.825,6.832) (5.769,5.775,5.781) (14.685,14.7,14.715) 
C15 (3.409,3.413,3.416) (7.552,7.56,7.568) (13.636,13.65,13.664) (5.245,5.25,5.255) 
C16 (10.49,10.5,10.511) (7.343,7.35,7.357) (25.175,25.2,25.225) (52.448,52.5,52.553) 
C17 (13,85,731) (6,26,124) (2,26,237) (10,45,101) 
C18 (0.895,0.896,0.897) (0.895,0.896,0.897) (0.895,0.896,0.897) (7.84,7.848,7.856) 
C19 (7.5,8.5,9.5) (6.75,7.75,8.75) (2.75,3.875,5) (4.5,5.625,6.75) 
C20 (7.25,8.375,9.5) (6.25,7.375,8.5) (3.75,4.875,6) (5,6.125,7.25) 
C21 (7.75,8.75,9.75) (3,4,5) (1.75,2.75,3.75) (4,5,6) 
C22 (5.75,6.75,7.75) (5,6.125,7.25) (3.75,4.875,6) (3,4,5) 
 
TABLE V 
Normalized fuzzy difference values of alternatives 
Criteria              SE                 WE               HE              LFG-E 
C1 (0.725, 0.908, 1) (0.5, 0.779, 0.875) (0.375, 0.687, 0.813) (-0.188, 0, 0.188) 
C2 (-0.208, 0.125, 0.458) (-0.208, 0.125, 0.458) (-0.333, 0, 0.333) (0.333, 0.667, 1) 
C3 (-0.667, 0.042, 0.75) (-0.75, 0, 0.75) (-0.5, 0.25, 1) (-0.583, 0.167, 0.917) 
C4 (0.997, 0.999, 1) (0.855, 0.857, 0.858) (0.955, 0.957, 0.958) (-0.002, 0, 0.002) 
C5 (-0.002, 0, 0.002) (0.228, 0.23, 0.232) (0.995, 0.997, 1) (0.075, 0.077, 0.078) 
C6 (0.781, 0.783, 0.784) (0.985, 0.986, 0.987) (0.998, 0.999, 1) (-0.002, 0, 0.002) 
C7 (-0.002, 0, 0.002) (0.958, 0.959, 0.961) (0.998, 0.999, 1) (0.056, 0.058, 0.06) 
C8 (0.786, 0.789, 0.793) (0.994, 0.997, 1) (-0.004, 0, 0.004) (0.578, 0.582, 0.585) 
C9 (-0.002, 0, 0.002) (0.151, 0.153, 0.155) (0.161, 0.163, 0.165) (0.998, 0.999, 1) 
C10 (0.634, 0.636, 0.638) (0.997, 0.998, 1) (-0.003, 0, 0.003) (0.676, 0.678, 0.68) 
C11 (0.997, 0.998, 1) (0.878, 0.879, 0.881) (0.737, 0.738, 0.74) (-0.001, 0, 0.001) 
C12 (0.11, 0.111, 0.112) (-0.001, 0, 0.001) (0.996, 0.998, 1) (0.274, 0.275, 0.276) 
C13 (0.396, 0.399, 0.401) (0.994, 0.997, 1) (0.994, 0.997, 1) (-0.002, 0, 0.002) 
C14 (0.114, 0.117, 0.121) (0.878, 0.88, 0.883) (0.995, 0.998, 1) (-0.003, 0, 0.003) 
C15 (-0.001, 0, 0.001) (0.403, 0.404, 0.406) (0.997, 0.998, 1) (0.178, 0.179, 0.18) 
C16 (0.928, 0.929, 0.93) (0.997, 0.999, 1) (0.602, 0.604, 0.606) (-0.002, 0, 0.002) 
C17 (-0.153, 0.081, 1) (-0.163, 0, 0.163) (-0.168, 0, 0.319) (-0.157, 0.026, 0.131) 
C18 (0.997, 0.999, 1) (0.997, 0.999, 1) (0.997, 0.999, 1) (-0.002, 0, 0.002) 
C19 (-0.296, 0, 0.296) (-0.185, 0.111, 0.407) (0.37, 0.685, 1) (0.111, 0.426, 0.741) 
C20 (-0.391, 0, 0.391) (-0.217, 0.174, 0.565) (0.217, 0.609, 1) (0, 0.391, 0.783) 
C21 (-0.25, 0, 0.25) (0.344, 0.594, 0.844) (0.5, 0.75, 1) (0.219, 0.469, 0.719) 
C22 (-0.421, 0, 0.421) (-0.316, 0.132, 0.579) (-0.053, 0.395, 0.842) (0.158, 0.579, 1) 

TABLE VI
Fuzzy S, R and Q values of the alternatives            

 Sj Rj Qj 
SE (3.178, 5.846, 9.641) (0.748, 0.849, 0.975)   (-0.534, 0.106, 0.822) 
WE (5.507, 8.724, 12.38) (0.748, 0.849, 0.95) (-0.434, 0.266, 0.89) 
HE (6.312, 9.754, 13.778) (0.748, 0.849, 0.95) (-0.399, 0.275, 0.951) 
LFGE (1.71, 4.137, 7.096) (0.732, 0.832, 0.933) (-0.63, 0, 0.63) 
 
TABLE VII 
Q, S and R ranking list of alternatives 
  Crisp Scores Ranking 

Alternatives        Q S R Q S R 
SE      0,125 6,127 0,855 2 2 3 
WE      0,247 8,834 0,849 3 3 2 
HE      0,275 9,899 0,849 4 4 2 

LFG-E         0 4,27 0,832 1 1 1 
 

VI.   CONCLUSION 
Sustainable and renewable energy alternatives have been 

evaluated by integrated VIKOR method with the fuzzy 

approach. The consequence of the study is that LFG is the 
best option as a sustainable energy resource in the 
alternatives. The main reason for obtaining this result is that 
LFG power plants have performed very well in technical, 
economical and environmental category. For the criteria 
having high importance weight LFG has best performance 
rating most of the time. Solar energy power plant is second 
best alternative but the weakness of it is technical efficiency 
and this reflects in electricity production negatively. Wind 
energy performs well in technical and environmental 
category however it is not very attractive economically. The 
worst alternative is hydraulic. It is not very environment-
friendly energy production system comparing to other 
renewable energy sources. Although they are effective 
technically and economically, hydraulic energy falls behind 
the other alternatives in this evaluation study. 
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Waste creates both economical and environmental 
problems in the cities and LFG power plants are a smart and 
efficient way of eliminating and utilizing of waste while 
producing energy. Municipalities need a comprehensive 
waste management policy to use LFG opportunity and so to 
create a sustainable environment in the cities. LFG power 
plants are followed by solar, wind and hydraulic 
alternatives.  

In this study, first three most important criteria are 
technical efficiency, impact on ecosystem, GHG emissions 
avoided and government support rate. As a consequence 
technical, economical and environmental aspects of 
renewable energies are almost equally important and cannot 
be thought separately. Analyzing a power plant considering 

only one or two aspects may mislead decision makers and 
the results may not be reliable. We conducted this study 
regarding all the important criteria within technical, 
economical and environmental scope. This makes our 
results more quality and improves the reliability.  

For the further studies, a research can be conducted 
locally in a specific region to find out best performing 
alternatives regarding that area to increase utilization of 
renewable energy. Also, different multicriteria techniques 
can be integrated to the solution process if the decision 
makers increase in numbers. Or different sophisticated 
economic applications like real options can be applied in 
lieu of net present value. 
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