
Chapter 8
Wind Energy Investment Analyses Based
on Fuzzy Sets

Cengiz Kahraman, Sezi Çevik Onar, Başar Öztayşi, İrem Uçal Sarı
and Esra İlbahar

Abstract Engineering economics deals with the investment decisions, where the
investment parameters are very hard to estimate exactly. In the cases where we do
not have the required data for parameter estimation, possibilistic approaches may be
used. In this chapter, a brief literature review on wind energy investments is first
presented. Later, the chapter gives present worth analysis (PWA) methods extended
to fuzzy sets. The chapter introduces ordinary fuzzy PWA, type-2 fuzzy PWA,
intuitionistic fuzzy PWA, and hesitant fuzzy PWA. A numerical application for
each extension is presented.

8.1 Introduction

There is an increasing energy need in the world and carbon-based fuels are the main
sources for fulfilling this need. Yet, these carbon-based energy sources damage the
ecological environment and they are limited sources. Renewable energy sources are
the best alternatives for carbon-based fuels since they are eco-friendly and can
provide energy unlimitedly.

Wind energy can become an efficient energy source for many regions. The
uncertainty in electricity prices and energy production levels of wind turbines limits
the wind energy investments. Especially, the costs and benefits of the long-term
wind energy investments are hard to calculate with the traditional engineering
economic analysis since they need precise values of investment parameters (Cevik
Onar and Kilavuz 2015).

Ordinary fuzzy sets and their extensions such as type-2 fuzzy sets, intuitionistic
fuzzy sets, and hesitant fuzzy sets are exceptional tools for dealing with uncertainty
in human thoughts and perceptions (Kahraman et al. 2016b). Ordinary fuzzy sets
(Zadeh 1965) use membership degrees for representing vagueness and imprecise-
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ness. Type-2 fuzzy sets introduced by Zadeh (1975) employ three dimensional
membership functions. Type-2 fuzzy sets have grades of membership that are
themselves fuzzy. Intuitionistic fuzzy sets introduced by Atanassov (1986) employ
both membership and non-membership degrees for defining uncertainty. Hesitant
fuzzy sets developed by Torra (2010) represent the hesitancies in decision makers
mind. Fuzzy net present worth analysis enables evaluating investment alternatives
under vague and incomplete information. The extensions of fuzzy sets enable better
defining the uncertainties inherent in investment parameters through their mem-
bership functions.

The wind energy investments involve uncertain, vague and incomplete param-
eters. Therefore, applying classical present worth analyses may create unrealistic
results. Calculating present worth with vague and incomplete data may produce
incorrect and misleading decisions. Therefore, this chapter shows the calculation of
the fuzzy PW of a wind energy investment based on fuzzy parameters. Ordinary
fuzzy PW, intuitionistic fuzzy PW and hesitant fuzzy PW are employed in wind
energy investment problems.

The rest of the chapter is organized as follows: Sect. 8.2 summarizes the liter-
ature on wind energy investments. Section 8.3 presents the fuzzy present worth
analyses based on extensions of fuzzy sets. In Sect. 8.4, a wind energy investment
problem is analyzed with ordinary fuzzy PW, Intuitionistic fuzzy PW and hesitant
fuzzy PW. Section 8.5 concludes the chapter.

8.2 Wind Energy Investments: A Literature Review

Much research on wind energy investments exists in the literature. The recent
studies in this field will be further examined under two categories as classical
techniques and fuzzy techniques.

8.2.1 Classical Techniques

Caralis et al. (2014) investigated the profitability of wind energy investments by
employing a Monte Carlo approach to deal with the uncertainties. In their study,
Monte Carlo simulation and a typical financial model were integrated to examine
different cases of wind energy development. Uncertain parameters considered in the
study of Caralis et al. (2014) are wind capacity factor, investment cost, interest rate,
feed-in-tariff, absorption rate, grid accessibility. Kucukali (2016) utilized a scoring
technique for the assessment of an onshore wind energy project. The proposed
method enables decision makers to determine the most appropriate wind energy
project by examining the risks of the alternatives. Site geology, land use and
permits, environmental impact, grid connection, social acceptance, macroeconomic,
natural hazards, change of laws, access road, and revenue are the risks considered in
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the study of Kucukali (2016). Liu and Zeng (2017) used system dynamics approach
to evaluate renewable energy investment risk, particularly wind power projects.
After risks in renewable energy investment were analyzed in three categories as
technical risk, policy risk and market risk, causal loop diagram for investment risk
assessment was formed. The simulation results which are obtained using VENSIM
software indicated that policy risk is more crucial in early stage of an investment
whereas market risks become more significant with technological advancements
and incentive policies improvement (Liu and Zeng 2017). Fazelpour et al. (2017)
examined the wind resource and economic feasibility to assess investment risks.
The Weibull distribution function was utilized to estimate the wind power and
energy density. Windographer software was used to examine the wind direction.
For the economic assessment, four types of wind turbines were taken into con-
sideration. These wind turbines are different with respect to rotor diameter, variable
rotor speed, nominal power output, cut-in wind speed, rated wind speed, cut-out
wind speed, survival wind speed. Monthly capacity factor, energy output and cost
of energy of the alternatives with these wind turbines were evaluated. Al-Sharafi
et al. (2017) investigated the feasibility of solar and wind energy systems for power
generation and hydrogen production and performed an economic analysis by using
simulation software, Hybrid Optimization of Multiple Energy Resources
(HOMER). Aquila et al. (2017) investigated wind power feasibility under uncer-
tainty by employing Monte Carlo simulation and Value at Risk technique. The
proposed framework is quite useful for potential investors because it is able to show
the influence of the uncertainty on wind power and electricity prices. Kitzing et al.
(2017) proposed a real options model to assess wind energy investments. The
proposed model involves an upper capacity limit by considering investment timing
and continuous sizing. Moreover, several uncertainty factors such as power price
and wind speed are taken into consideration in a stochastic process in the study of
Kitzing et al. (2017).

8.2.2 Fuzzy Techniques

Shamshirband et al. (2014) employed adaptive neuro-fuzzy optimization to maxi-
mize the net profit of a wind farm. While applying an intelligent optimization
method based on the adaptive neuro-fuzzy inference system, net present value and
interest rate of return were considered as the measures of net profit. Interest rate per
year and unit sale price of electricity were utilized as inputs of optimization scheme
whereas output was the optimal number of turbines which is an indicator of
maximal net profit. In this study, while determining the optimal number of wind
turbines, aerodynamic interactions between the turbines, as well as cost factors, are
taken into consideration. In this way, both optimal solution with respect to the
maximum net profit and the optimal layout for wind turbines were achieved
(Shamshirband et al. 2014). Wu et al. (2014) investigated evaluation criteria con-
sidered in the process of wind farm project plan selection and proposed a
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framework to select the best wind farm project. Criteria considered in this study are
construction, resource, wind turbine, financial analysis, social risk, policy risk,
technological risk, good influence, bad influence, the influence of project to the
local society and stabilization, the influence of project to the local economy and
employment, and the influence of project to resource utilization. Wu et al. (2014)
employed intuitionistic fuzzy numbers, intuitionistic fuzzy Choquet operator, and
generalized intuitionistic fuzzy ordered geometric averaging operator to reduce the
probability of information loss and to stay away the independent assumption of
multi-criteria decision making methods (Wu et al. 2014). Onar et al. (2015) utilized
interval-valued intuitionistic fuzzy sets for the assessment of wind energy invest-
ments. Interval-valued intuitionistic fuzzy sets are employed because of its ability to
cope with vagueness and impreciseness in a more comprehensive manner. The
proposed approach provides an overall performance measurement for wind energy
technology alternatives by considering the following criteria: reliability, coopera-
tion, domesticity, performance, cost factors, availability, maintenance, and technical
characteristics (Onar et al. 2015). Shafiee (2015) utilized fuzzy analytic network
process to determine the most appropriate risk mitigation strategy for offshore wind
farms by employing safety, added value, cost and feasibility criteria. Variation of
offshore site layout, improvement of maintenance services, upgrading the moni-
toring systems, and modification in design of wind turbines are the alternatives
considered in the study of Shafiee (2015). Petković et al. (2016) investigated the
most influential factors on the net present value of a wind farm using adaptive
neuro-fuzzy inference system. In their study, seven inputs, number of turbines,
power production, cost per power unit, cost, efficiency, interest rate per year, unit
sale price of electricity, are selected to analyze the wind farm net present value
(Petković et al. 2016). Wu et al. (2016) proposed an inexact fixed-mix
fuzzy-stochastic programming method for heat supply management in wind
power heating system under uncertainty. In their study, uncertainties are presented
as interval values, random variables and fuzzy sets. The proposed approach is a
combination of interval-parameter programming, fixed-mix stochastic program-
ming and fuzzy mathematical programming. The proposed approach enables
decision makers to observe interval solutions and plausibility degrees of constraint
violation in order to determine the best heat supply management strategies (Wu
et al. 2016). Gumus et al. (2016) introduced a multi-criteria decision making
method consisting of an intuitionistic fuzzy entropy method, an intuitionistic fuzzy
weighted geometric averaging operator and intuitionistic fuzzy weighted arithmetic
averaging operator for sustainable energy problems. The selection of V80 and V90
onshore and offshore wind turbines was investigated using the proposed method
(Gumus et al. 2016). Cunico et al. (2017) proposed a mathematical model taking
several uncertain parameters into consideration to analyze investments in the energy
sector. It is aimed at covering both pessimistic and optimistic scenarios by inte-
grating uncertain parameters in their decision making model. Therefore, a fuzzy
approach and a set of possibilistic techniques were employed to handle the problem.
The uncertain parameters considered in their study are uncertainty in the price of
fossil resources, the trend in the growing demand and the variation in the
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availability of fossil reserves (Cunico et al. 2017). Chang (2017) introduced a fuzzy
score technique to optimally locate wind turbines. In this study, the proposed
technique was utilized to measure the Euclidean distance between the achievement
function and their aspirations (Chang 2017). Morshedizadeh et al. (2017) investi-
gated the utilization of imputation techniques and adaptive neuro-fuzzy inference
system to predict wind turbine power production. It was revealed that appropriate
combinations of decision tree and mean value for imputation might enhance the
prediction performance (Morshedizadeh et al. 2017).

There are various studies in the literature on wind energy investments. These
studies have different objectives such as analyzing wind energy technology
investments, maximizing investment profit, identifying optimal investment deci-
sions, investigating suitability of a region, predicting energy output of a wind farm,
and selecting a suitable site for investment. These studies utilize different methods
such as Benefit/Cost analysis, real option analysis, adaptive neuro-fuzzy inference
system, optimization, and AHP to achieve these objectives. Moreover, evaluation
criteria or employed parameters may change with respect to the objective of the
study. Table 8.1 shows some representative studies on wind energy investments in
the literature.

8.3 Fuzzy Present Worth Analysis

Fuzzy logic is used to determine uncertainty occurred from linguistic assumptions.
It is possible to represent linguistic definitions in a mathematical form using fuzzy
sets. Fuzzy numbers have different types which determine the linguistic terms in
different ways. In this section, present worth analysis is constructed using different
types of fuzzy numbers such as ordinary fuzzy numbers, intuitionistic fuzzy
numbers, type-2 fuzzy numbers and hesitant fuzzy numbers.

Especially in public sector projects such as highways, infrastructure, power
generation facilities, project alternatives have very long expected useful lives. In
such kind of projects, planning horizon could be taken as infinite to be effective. In
this section, the present worth analysis for infinite time horizon is proposed using
different types of fuzzy numbers.

8.3.1 Ordinary Fuzzy Present Worth Analysis

There are different types of ordinary fuzzy numbers such as triangular fuzzy
numbers, trapezoidal fuzzy numbers, L-R type fuzzy numbers etc. The most used
ordinary fuzzy numbers are triangular fuzzy numbers due to their easy calculations.

Chiu and Park (1994) defined triangular fuzzy net present value gNPV� �
formula as
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given in Eq. 8.1, where eFi ¼ ðftl ; ftm ; ftrÞ, denotes net cash flows occurred in time
period t and ~it ¼ itl ; itm ; itrð Þ denotes the fuzzy interest rate.

gNPV ¼
Xn
t¼0

max ftl ; 0ð ÞQt
t0¼0

1þ it0r
� � þ min ftl ; 0ð ÞQt

t0¼0
1þ it0l

� �
0BB@

1CCA
0BB@ ;

Xn
t¼0

ftmQt
t0¼0

1þ it0m
� � ;

Xn
t¼0

max ftr ; 0ð ÞQt
t0¼0

1þ it0l

� � þ min ftr ; 0ð ÞQt
t0¼0

1þ it0r
� �

0BB@
1CCA
1CCA

: ð8:1Þ

When the time horizon is infinite the fuzzy net present worth is calculated by
Eq. 8.2:

gNPV ¼
Xn
t¼0

max ftl ; 0ð Þ
it0r

þmin ftl ; 0ð Þ
it0l

� � 
;
Xn
t¼0

ftm
it0m

;
Xn
t¼0

max ftr ; 0ð Þ
it0l

þmin ftr ; 0ð Þ
it0r

� ��
ð8:2Þ

In this chapter Eq. 8.3 is used for the defuzzifiction of ordinary fuzzy sets:

Def eF� � ¼ fl þ 2fm þ fu
4

ð8:3Þ

8.3.2 Type-2 Fuzzy Present Worth Analysis

The concept of a type-2 fuzzy set was introduced by Zadeh as an extension of the
concept of an ordinary fuzzy set called an ordinary fuzzy set (Zadeh 1974).

A type-2 fuzzy set eeA in the universe of discourse X can be represented by a type-2
membership function l~~A

, shown as follows (Zadeh 1975):

eeA ¼ ðx; uÞ; l~~A
ðx; uÞj 8 x 2 X; 8 u 2 Jx� 0; 1½ �; 0� l~~A

ðx; uÞ� 1
n o

ð8:4Þ

where Jx denotes an interval [0,1]. In the literature review, it is seen that triangular
interval type-2 fuzzy sets are the most preferred interval type-2 fuzzy sets.

A triangular interval type-2 fuzzy set is represented as eeAi ¼
ðaUil ; aUim; aUir ;HðeAU

i Þ
� �

; aLil; a
L
im; a

L
ir;HðeAL

i Þ
� �

where eAL
i and eAU

i are ordinary fuzzy

sets, aUil ; a
U
im; a

U
ir ; a

L
il; a

L
im and aLir are the references points of the interval type-2 fuzzy
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set eeAi,HðeAU
i Þ denotes the membership value of the element aUi in the upper tri-

angular membership function eAU
i , HðeAL

i Þ denotes the membership value of the

element aLi in the lower triangular membership function eAL
i , HðeAU

i Þ 2
0; 1½ �;HðeAL

i Þ 2 0; 1½ � and 1� i� 2. Kuo- Ping (2011) gives detailed information on
the basic algebraic operations of type-2 fuzzy sets.

Ucal Sari and Kahraman (2015) introduced type-2 fuzzy net present worth

method. Triangular interval type-2 fuzzy net present value ðN eePVÞ is formulized in

Eq. 8.5 where eeF t ¼ f Utl ; f
U
tm; f

U
tr ;Hð~f Ut Þ� �

; f Ltl ; f
L
tm; f

L
tr ;Hð~f Lt Þ

� �
denotes the cash flow

occurred at time t and ~~it ¼ ðiUtl ; iUtm; iUtr ;Hð~iUt ÞÞ;ðiLtl; iLtm; iLtr;Hð~iLt ÞÞ; 8~i[ 0 denotes the
discount rate at time t:

N eePV ¼
Xn
t¼0

f UtlQt
t0¼0 ð1þ iUt0rÞ

;
Xn
t¼0

f UtmQt
t0¼0 ð1þ iUt0mÞ

;
Xn
t¼0

f UtrQt
t0¼0 ð1þ iUt0lÞ

;min Hð~f Ut Þ;Hð~iUt Þ
� � ! 

;
Xn
t¼0

f LtlQt
t0¼0 ð1þ iLt0rÞ

;
Xn
t¼0

f LtmQt
t0¼0 ð1þ iLt0mÞ

;
Xn
t¼0

f LtrQt
t0¼0 ð1þ iLt0lÞ

;min Hð~f Lt Þ;Hð~iLt Þ
� � !!

ð8:5Þ

When the time horizon is infinite triangular interval type-2 fuzzy net present
worth is calculated by Eq. 8.6:

N eePV ¼
Xn
t¼0

f Utl
iUt0r

;
Xn
t¼0

f Utm
iUt0m

;
Xn
t¼0

f Utr
iUt0l
;min Hð~f Ut Þ;Hð~iUt Þ

� � !
;

 
Xn
t¼0

f Ltl
iLt0r

;
Xn
t¼0

f Ltm
iLt0m

;
Xn
t¼0

f Ltr
iLt0l
;min Hð~f Lt Þ;Hð~iLt Þ

� � !! ð8:6Þ

In this chapter, realistic type reduction indices are used for the defuzzification of
type 2 fuzzy sets. Realistic type reduction indices is calculated by Eq. 8.7 which

transforms eeA into an ordinary fuzzy set where l~A
ðxÞ and l~AðxÞ are lower and upper

membership functions of the eeA (Niewiadomski et al. 2006).

TRreðeeAÞ ¼ l~A
ðxÞþ l~AðxÞ

2
; x 2 X ð8:7Þ

Equation 8.3 can be used to rank the ordinary fuzzy set which is obtained by
type reduction indices method.
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8.3.3 Intuitionistic Fuzzy Present Worth

Atanassov (1986) introduced triangular intuitionistic fuzzy numbers (TIFN) eA.
TIFN utilizes both membership value and non-membership value of a fuzzy
number. Formulas of membership function l~A xð Þ� �

and non-membership function
v~A xð Þ� �

are as follows:

l~A xð Þ ¼
x�l
m�l ; for l� x�m
u�x
u�m ; for m� x� u

0; otherwise

8><>: ð8:8Þ

and

v~A xð Þ ¼
m�x
m��l ; for �l� x� �m

x��m
�u��m ; for �m� x� �u

1; otherwise

8>><>>: ð8:9Þ

where l�m� u, �l� �m� �u, 0� l~A xð Þþ v~A xð Þ� 1 and it is denoted by

eATIFN ¼ l;m; uð Þ; �l; �m; �u
� �� �

: ð8:10Þ

The sum of membership and non-membership values should be less than or
equal to 1. The basic algebraic operations are determined by Mapatra and Roy
(2009), Atasannov (2012) and Kumar and Hussein (2014).

In this chapter, TIFNs are ranked using the deffuzzification method which is
proposed by Kahraman et al. (2015).

The rank of a TIFN eA ¼ l;m; uð Þ; �l; �m; �u
� �� �

is determined as follows:

R eA� �
¼ 1

2
lþ 2mþ u

4
þ
�lþ 2�mþ �u

4

 !
¼ lþ�lþ 2mþ 2�mþ uþ �u

8
ð8:11Þ

Triangular fuzzy number intuitionistic fuzzy weighted geometric TFNIFWGwð Þ
operator is used to aggregate triangular intuitionistic fuzzy sets (Chen et al. 2010):
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TFNIFWGw eA1; eA2; . . .; eAn

� �
¼

1�
Yn
j¼1

ð1� ljÞwj ; 1�
Yn
j¼1

1� mj
� �wj ; 1�

Yn
j¼1

ð1� ujÞwj

 !
;

 

1�
Yn
j¼1

ð1� ljÞwj ; 1�
Yn
j¼1

ð1� �mjÞwj ; 1�
Yn
j¼1

ð1� ujÞwj

 !! :

ð8:12Þ

Kahraman et al. (2015) introduced intuitionistic fuzzy net present worth and
intuitionistic fuzzy annual worth methods. The parameters used in the calculations
are expressed by TFIN in Eqs. 8.13–8.18 where m evaluations are made for each of
the parameter.

fFCT ;I ¼
fc1; TFN1; T �FN1
� �

; . . .; TFNm; T �FNm
� �� 	

;

fc2; TFN1; T �FN1
� �

; . . .; TFNm; T �FNm
� �� 	

; . . .;
fck; TFN1; T �FN1
� �

; . . .; TFNm; T �FNm
� �� 	

8>><>>:
9>>=>>; ð8:13Þ

gUACT ;I ¼
uac1; TFN1; T �FN1

� �
; . . .; TFNm; T �FNm

� �� 	
;

uac2; TFN1; T �FN1
� �

; . . .; TFNm; T �FNm
� �� 	

; . . .;
uack; TFN1; T �FN1

� �
; . . .; TFNm; T �FNm

� �� 	
8>><>>:

9>>=>>; ð8:14Þ

gUABT ;I ¼
uab1; TFN1; T �FN1

� �
; . . .; TFNm; T �FNm

� �� 	
;

uab2; TFN1; T �FN1
� �

; . . .; TFNm; T �FNm
� �� 	

; . . .;
uabk; TFN1; T �FN1

� �
; . . .; TFNm; T �FNm

� �� 	
8>><>>:

9>>=>>; ð8:15Þ

fSVT ;I ¼
sv1; TFN1;T �FN1

� �
; . . .; TFNm; T �FNm

� �� 	
;

sv2; TFN1;T �FN1
� �

; . . .; TFNm; T �FNm
� �� 	

;
; . . .;

svk; TFN1; T �FN1
� �

; . . .; TFNm; T �FNm
� �� 	

8>><>>:
9>>=>>; ð8:16Þ

~iT ;I ¼
i1; TFN1; T �FN1
� �

; . . .; TFNm; T �FNm
� �� 	

;

i2; TFN1; T �FN1
� �

; . . .; TFNm; T �FNm
� �� 	

; . . .;
. . .; ik; TFN1; T �FN1

� �
; . . .; TFNm; T �FNm

� �� 	
8>><>>:

9>>=>>; ð8:17Þ
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~nT ;I ¼
n1; TFN1; T �FN1
� �

; . . .; TFNm; T �FNm
� �� 	

;

n2; TFN1; T �FN1
� �

; . . .; TFNm; T �FNm
� �� 	

; . . .;
; nk; TFN1; T �FN1

� �
; . . .; TFNm; T �FNm

� �� 	
8>><>>:

9>>=>>; ð8:18Þ

where FC represents the first cost of the alternative, UAC represents uniform annual
cost of the alternative, UAB represents uniform annual benefit, n represents project
life, i represents interest rate, and SV represents salvage value.

The intuitionistic fuzzy present worth gPWT ;I

� �
of an investment alternative can

be calculated by Eq. 8.19 or Eq. 8.20:

gPWT ;I ¼ �fFCT ;I � gUACT ;I
P
A
;~iT ;I ; ~nT ;I

� �
þ gUABh

P
A
;~iT ;I ; ~nT ;I

� �
þ fSVh

P
F
;~iT ;I ; ~nT ;I

� � ð8:19Þ

or

gPWT ;I ¼ �fFCT;I � gUACT ;I
1þ~iT;I
� �~nT ;I�1

~iT ;I 1þ~iT ;I
� �~nT ;I

" #

þ gUABT;I
1þ~iT;I
� �~nT;I�1

~iT;I 1þ~iT;I
� �~nT;I

" #
þ fSVT ;I 1þ~iT ;I

� ��~nT ;I

ð8:20Þ

where

fFCT ;I ¼
[k
j¼1

TFNIFWGw
fcj; TFN1; T �FN1
� �

;

. . .; TFNm; T �FNm
� �* + !

gUACT ;I ¼
[k
j¼1

TFNIFWGw
uacj; TFN1; T �FN1

� �
;

. . .; TFNm; T �FNm
� �* + !

;

gUABT ;I ¼
[k
j¼1

TFNIFWGw
uabj; TFN1; T �FN1

� �
;

. . .; TFNm; T �FNm
� �* + !

;

fSVT ;I ¼
[k
j¼1

TFNIFWGw
svj; TFN1; T �FN1
� �

;

. . .; TFNm; T �FNm
� �* + !

;

~iT ;I ¼
[k
j¼1

TFNIFWGw
ij; TFN1; T �FN1
� �

;

. . .; TFNm; T �FNm
� �* + !

;

~nT ;I ¼
[k
j¼1

TFNIFWGw
nj; TFN1; T �FN1
� �

;

. . .; TFNm; T �FNm
� �* + !

:
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When the time horizon is infinite, triangular intuitionistic fuzzy present worth is
calculated by Eq. 8.21:

gPWT ;I ¼ �fFCT ;I �
gUACT ;I

~iT ;I

 !
þ

gUABT ;I

~iT ;I

 !
ð8:21Þ

The defuzzified values of these parameters are needed for further calculations.
For instance, the defuzzified value of fFCT ;I is obtained by the following process:

TFNIFWGw
fcj; TFN1;T �FN1
� �

;

...; TFNm;T �FNm
� �* + !

¼~lfcj

¼ lfcjl ;lfcjm ;lfcju

� �
; �lfcjl ;�lfcjm ;�lfcju

� �� �
;

j¼1;...;k ð8:22Þ

Defuzzified value of lfcjl ; lfcjm ; lfcju

� �
; �lfcjl ; �lfcjm ; �lfcju

� �� �
is Def ~lfcj

� �
which is

obtained by Eq. 8.11. The defuzzified value of fFCT ;I is obtained by Eq. 8.23:

Def fFCT ;I ¼
Pk

j¼1 fcj Def ~lfcj

� �� �2
Pk

j¼1 Def ~lfcj

� �� �2 ð8:23Þ

Other parameters could be deffuzzified in a similar way.

8.3.4 Hesitant Fuzzy Environmental Economics Methods

Kahraman et al. (2015) introduced hesitant fuzzy net present worth and hesitant
fuzzy annual worth methods. A hesitant fuzzy set (HFS) is another extension of
fuzzy sets that aims to model the uncertainty originated by the hesitation that might
arise in the assignment of membership degrees of the elements to a fuzzy set
(Kahraman et al. 2017).

Triangular Fuzzy Hesitant Fuzzy Sets (TFHFS) are proposed in 2013 by Yu.
In TFHFS several triangular fuzzy numbers are used to express the membership
degree of an element.

A TFHFS eE on a fixed set X is defined in terms of a function ~f~E xð Þ that returns
several triangular fuzzy values,
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~E ¼ hx;~f~E xð Þi

x�X� � ð8:24Þ

where ~f~E xð Þ is a set of several triangular fuzzy numbers which express the possible
membership degrees of an element x 2X to a set eE .

For a Triangular Fuzzy Hesitant Fuzzy Set (TFHFS), ~f , s ~f
� � ¼

1
l~f

P
~TFN2~f �X gTFN� �

is called the score function of ~f with l~f being the number of

TFNs in ~f (Yu 2013). h ~f
� � ¼ 1

l~f

P
~TFN2~f r gTFN� �

is called the deviation function of

~f . For ~f1 and ~f2,

If s ~f1
� �

[ s ~f2
� �

; then ~f1 �~f2

If s ~f1
� � ¼ s ~f2

� �
; h ~f1
� � ¼ h ~f2

� �
; then ~f1 ¼ ~f2

If s ~f1
� � ¼ s ~f2

� �
; h ~f1
� �

[ h ~f2
� �

; then ~f1\~f2

Ifs ~f1
� � ¼ s ~f2

� �
; h ~f1
� �

[ h ~f2
� �

; then ~f1 [~f2

Let ~f1 and ~f2 be two THHFEs, then

~f1 � ~f2 ¼ l1 þ l2 � l1:l2;m1 þm2 � m1:m2; u1 þ u2 � u1:u2ð ÞjgTFN1 2 ~f1; gTFN2 2 ~f2
n o

ð8:25Þ

~f1 	 ~f2 ¼ l1:l2;m1:m2; u1:u2jgTFN1 2 ~f1; gTFN2 2 ~f2
n o

ð8:26Þ

~f k ¼ lð Þk; mð Þk; uð Þk



 gTFN 2 ~f

n o
; k[ 0 ð8:27Þ

k~f ¼ 1� 1� lð Þk; 1� 1� mð Þk; 1� 1� uð Þk



 gTFN 2 ~f

n o
; k[ 0 ð8:28Þ

where gTFN1 ¼ l1;m1; u1ð Þ and gTFN2 ¼ l2;m2; u2ð Þ.
For aggregating triangular fuzzy hesitant fuzzy sets, Triangular Fuzzy Hesitant

Fuzzy Weighted Averaging (TFHFWA) operator is used. Let ~fj j ¼ 1; 2; . . .; nð Þ be a
collection of TFHFEs. w ¼ w1;w2; . . .;wnð ÞT is the weight vector of
~fj j ¼ 1; 2; . . .; nð Þ with wj� 0; 1½ � and Pn

j¼1 wj ¼ 1, then a TFHFWA operator is a
mapping TFHFWA: Fn ! �F such that
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TFHFWA ~f1;~f2; . . .;~fn
� � ¼ �n

j¼1 wi
~fj

� �
1�

Yn

j¼1
1� Lj
� �wj ; 1�

Yn
j¼1

1�Mj
� �wj ;

(

1�
Yn
j¼1

1� Uj
� �wj jgTFN1 2 ~f1; gTFN1 2 ~f1; . . .; gTFNn 2 ~fn

)
ð8:29Þ

For the defuzzification of triangular hesitant fuzzy sets, the defuzzified value of a
hesitant gTFN ¼ l;m; uð Þ can be defined as follows:

Def gTFN� �
¼ lþ 2mþ u

4
ð8:30Þ

In the hesitant fuzzy present worth analysis, investment parameters are expressed
using triangular fuzzy hesitant fuzzy sets. The parameters used in the calculations
are expressed by TFHFS in Eqs. 8.31–8.36 where m evaluations are made for each
of the parameter.

fFCT ;h ¼ fc1; TFN1; . . .; TFNmh i; fc2; TFN1; . . .; TFNmh i;
. . .; fck; TFN1; . . .; TFNmh i


 �
ð8:31Þ

gUACT ;h ¼
uac1; TFN1; . . .; TFNmh i;
uac2; TFN1; . . .; TFNmh i;

. . .; uack;TFN1; . . .; TFNmh i

8<:
9=; ð8:32Þ

gUABT ;h ¼
uab1; TFN1; . . .; TFNmh i;
uab2; TFN1; . . .; TFNmh i;

. . .; uabk;TFN1; . . .; TFNmh i

8<:
9=; ð8:33Þ

fSVT ;h ¼ sv1; TFN1; . . .; TFNmh i; sv2; TFN1; . . .; TFNmh i;
. . .; svk; TFN1; . . .; TFNmh i


 �
ð8:34Þ

~iT ;h ¼ i1; TFN1; . . .; TFNmh i; i2; TFN1; . . .; TFNmh i;
. . .; ik; TFN1; . . .; TFNmh i


 �
ð8:35Þ

~nT ;h ¼ n1; TFN1; . . .; TFNm; n2; TFN1; . . .; TFNmh i;
. . .; nk; TFN1; . . .; TFNmh i


 �
ð8:36Þ

where FC represents the first cost of the alternative, UAC represents uniform annual
cost of the alternative, UAB represents uniform annual benefit, n represents project
life, i represents interest rate, and SV represents salvage value.
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The hesitant fuzzy present worth gPWT ;h

� �
of an investment alternative can be

calculated by Eq. 8.37 or Eq. 8.38:

gPWT ;h ¼ �fFCT ;h � gUACT ;h
P
A
;~iT ;h; ~nT ;h

� �
þ gUABh

P
A
;~iT ;h; ~nT ;h

� �
þ fSVh

P
F
;~iT ;h; ~nT ;h

� � ð8:37Þ

or

gPWT ;h ¼ �fFCT ;h � gUACT ;h
1þ~iT ;h
� �~nT ;h�1

~iT ;h 1þ~iT ;h
� �~nT ;h

" #

þ gUABT ;h
1þ~iT ;h
� �~nT ;h�1

~iT ;h 1þ~iT ;h
� �~nT ;h

" #
þ fSVT ;h 1þ~iT ;h

� ��~nT;h

ð8:38Þ

where

fFCT ;h ¼
[k
j¼1

TFHFWA fcj; TFN1; . . .; TFNm
� 	� �

gUACT ;h ¼
[k
j¼1

TFHFWA uacj; TFN1; . . .; TFNm
� 	� �

;

gUABT ;h ¼
[k
j¼1

TFHFWA uabj; TFN1; . . .; TFNm
� 	� �

;

fSVT ;h ¼
[k
j¼1

TFHFWA svj; TFN1; . . .; TFNm
� 	� �

;

~iT ;h ¼
[k
j¼1

TFHFWA ij; TFN1; . . .; TFNm
� 	� �

;

~nT ;h ¼
[k
j¼1

TFHFWA nj; TFN1; . . .; TFNm
� 	� �

:

When the time horizon is infinite, triangular intuitionistic fuzzy present worth is
calculated by Eq. 8.39:
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gPWT ;h ¼ �fFCT ;h �
gUACT ;h

~iT ;h

 !
þ

gUABT ;h

~iT ;h

 !
ð8:39Þ

For the defuzzification of triangular hesitant fuzzy sets, the defuzzified value offFCT ;h is obtained as follows:

TFHFWA fcj; TFN1; . . .; TFNm
� 	� � ¼ ~lfcj ¼ lfcjl ; lfcjm ; lfcju

� �
; j ¼ 1; . . .; k

ð8:40Þ

Defuzzified value of lfcjl ; lfcjm ; lfcju

� �
is Def ~lfcj

� �
which is obtained by

Eq. 8.30. Other parameters could be deffuzzified in a similar way.

8.4 An Application

Wind turbines have two major types based on their axis; the horizontal axis wind
turbine (HAWT) and the vertical axis wind turbine (VAWT). In general HAWTs
have greater capacities than VAWTs. Therefore, HAWTs are preferred for the
industrial energy production. Mostly the useful life of HAWT is considered as
20 years. However the useful life of a wind turbine could increase by regular
maintenances. In this chapter, a HAWT type wind turbine is analyzed for two
scenarios that are (1) using the turbine without additional maintenances and reinvest
at the end of its useful life, (2) using turbine with routine maintenances and take its
useful life as infinite.

The economic parameter values of two alternatives are represented by different
types of fuzzy numbers in Tables 8.2, 8.3, 8.4, 8.5 and 8.6.

Table 8.2 Parameters defined by ordinary fuzzy sets

Parameter Scenerio I possible cash
flows (1000€)

Scenerio II possible
cash flows (1000€)fFC (630,650,670) (630,650,670)gUAC (40,45,50) (40,45,50)gUAB (300,350,400) (300,350,400)gMC (once in each five years) – (50,80,110)fSV (100,130,150)

~i% (7,8,9) (7,8,9)

nn 20 infinite
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Table 8.4 Experts’ compromised membership degrees based on IVIFS

Parameter Possible
values

Experts’ weights

E1 E2 E3

0.3 0.4 0.3

FC $630,000 ([0.3,0.6][0.2,0.4]) ([0.4,0.6][0.2,0.4]) ([0.3,0.5][0.2,0.45])

$650,000 ([0.4,0.5][0.1,0.4]) ([0.3,0.5][0.3,0.5]) ([0.4,0.6][0.1,0.3])

$670,000 ([0.3,0.7][0.2,0.25]) ([0.2,0.6][0.2,0.4]) ([0.4,0.5][0.3,0.5])

UAC $40.000 ([0.2,0.5][0.3,0.5]) ([0.4,0.7][0.1,0.3]) ([0.7,0.8][0.05,0.1])

$45,000 ([0.4,0.7][0.1,0.3]) ([0.5,0.7][0.1,0.3]) ([0.3,0.6][0.1,0.3])

$50,000 ([0.5,0.7][0.1,0.3]) ([0.5,0.7][0.1,0.2]) ([0.3,0.5][0.3,0.4])

UAB $300,000 ([0.4,0.5][0.3,0.4]) ([0.6,0.8][0.1,0.2]) ([0.5,0.8][0.1,0.2])

$350,000 ([0.4,0.7][0.1,0.1]) ([0.5,0.7][0.1,0.3]) ([0.4,0.7][0.1,0.3])

$400,000 ([0.6,0.8][0.05,0.1]) ([0.4,0.6][0.2,0.4]) ([0.3,0.6][0.2,0.4])

MC $50,000 ([0.1,0.3][0.5,0.6]) ([0.4,0.7][0.1,0.2]) ([0.5,0.6][0.2,0.4])

$80,000 ([0.4,0.6][0.1,0.2]) ([0.4,0.8][0,0.1]) ([0.4,0.6][0.1,0.3])

$110,000 ([0.6,0.8][0,0.1]) ([0.5,0.6][0.1,0.3]) ([0.3,0.4][0.2,0.5])

SV $100,000 ([0.3,0.5][0.2,0.4]) ([0.5,0.7][0.1,0.3]) ([0.4,0.5][0.2,0.5])

$130,000 ([0.5,0.7][0.1,0.2]) ([0.4,0.6][0.2,0.4]) ([0.3,0.5][0.3,0.5])

$150,000 ([0.6,0.7][0.05,0.1]) ([0.3,0.4][0.3,0.5]) ([0.1,0.2][0.5,0.7])

i 7% ([0.4,0.7][0.1,0.2]) ([0.6,0.7][0.1,0.3]) ([0.3,0.5][0.4,0.5])

8% ([0.2,0.5][0.3,0.4]) ([0.5,0.7][0.1,0.3]) ([0.6,0.8][0,0.1])

9% ([0.6,0.8][0,0.1]) ([0.4,0.5][0.2,0.4]) ([0.2,0.4][0.4,0.5])

Table 8.3 Parameters defined by type 2 fuzzy sets

Parameter Scenerio I possible
cash flows (1000€)

Scenerio II possible
cash flows (1000€)gfFC (630,650,670;1) (640,650,660;0.9) (630,650,670;1)
(640,650,660;0.9)ggUAC (40,45,50;1)(42,45,48;0.9) (40,45,50;1)(42,45,48;0.9)

ggUAB (300,350,400;1)(310,350,390,0.9) (300,350,400;1)
(310,350,390,0.9)ggMC

(once in each five
years)

– (50,80,110;1)(60,80,100;0.9)

ffSV (100,130,150;1) (110,130,140;0.9)

~~i% (7,8,9;1)(7.5,8,8.5;0.9) (7,8,9;1)(7.5,8,8.5;0.9)

n 20 Infinite
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Table 8.6 Experts’ compromised membership degrees based on triangular HFS

Parameter Possible values Experts’ weights

E1 E2 E3

0.3 0.4 0.3

FC $630,000 (0.3,0.4,0.6) (0.4,0.5,0.6) (0.3,0.4,0.5)

$650,000 (0.4,0.5,0.6) (0.3,0.4,0.5) (0.4,0.5,0.6)

$670,000 (0.3,0.5,0.7) (0.2,0.5,0.6) (0.4,0.4,0.5)

UAC $40.000 (0.2,0.3,0.5) (0.4,0.5,0.7) (0.7,0.8,0.9)

$45,000 (0.4,0.6,0.7) (0.5,0.6,0.7) (0.4,0.6,0.7)

$50,000 (0.5,0.6,0.7) (0.6,0.7,0.8) (0.3,0.4,0.5)

UAB $300,000 (0.4,0.5,0.6) (0.6,0.7,0.8) (0.5,0.7,0.8)

$350,000 (0.5,0.6,0.8) (0.5,0.6,0.7) (0.4,0.5,0.7)

$400,000 (0.6,0.7,0.9) (0.4,0.5,0.6) (0.3,0.5,0.6)

MC $50,000 (0.1,0.2,0.3) (0.4,0.5,0.7) (0.5,0.5,0.6)

$80,000 (0.5,0.7,0.8) (0.7,0.8,0.9) (0.6,0.7,0.8)

$110,000 (0.6,0.8,0.9) (0.5,0.6,0.7) (0.3,0.4,0.5)

SV $100,000 (0.4,0.5,0.6) (0.5,0.6,0.7) (0.4,0.5,0.5)

$130,000 (0.6,0.7,0.8) (0.4,0.5,0.6) (0.3,0.4,0.5)

$150,000 (0.5,0.7,0.8) (0.3,0.4,0.5) (0.1,0.1,0.2)

i 7% (0.4,0.5,0.7) (0.6,0.7,0.7) (0.3,0.4,0.5)

8% (0.2,0.4,0.5) (0.5,0.6,0.7) (0.6,0.8,0.9)

9% (0.6,0.7,0.9) (0.4,0.4,0.5) (0.2,0.3,0.4)

Table 8.5 Aggregated and defuzzified matrix for IVIFS

Parameter Possible
values

Aggregated value Defuzzified Value
of membership

Defuzzified value
of parameter

FC $630,000 ([0.341,0.572][0.2,0.415]) 0.803 649,867

$650,000 ([0.361,0.532][0.186,0.446]) 0.788

$670,000 ([0.294,0.607][0.231,0.392]) 0.795

UAC $40.000 ([0.468,0.69][0.151,0.31]) 0.962 45,074

$45,000 ([0.415,0.672][0.1,0.3]) 0.944

$50,000 ([0.494,0.702][0.165,0.294]) 0.962

UAB $300,000 ([0.471,0.69][0.165,0.266]) 0.973 348,840

$350,000 ([0.442,0. 7][0.1,0.245]) 0.984

$400,000 ([0.443,0.675][0.157,0.322]) 0.939

MC $50,000 [0.358,0.578][0.271,0.403] 0.799 83,199

$80,000 ([0.4,0.696][0.06,0.194] 0.984

$110,000 ([0.482,0.633][0.103,0.317]) 0.952

SV $100,000 ([0.415,0.592][0.161,0.395) 0.864 123,716

$130,000 ([0.405,0.607][0.203,0.380]) 0.860

$150,000 ([0.361,0.468][0.306,0.532]) 0.705

i 7% ([0.465,0.65][0.203,0.341]) 0.921 796

8% ([0.461,0.69][0.138,0.279]) 0.971

9% ([0.42,0.598][0.215,0.358]) 0.866
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8.4.1 Evaluation Using Ordinary Fuzzy Present Worth

Table 8.2 shows the values of parameters using ordinary triangular fuzzy sets.
In the present worth analysis, period is defined as least common multiples of the

useful alternative lives. Therefore, in our analysis, the analysis period is taken as
infinite. In scenario 1, there will be cash inflow series from the salvage values and
cash outflow series from the reinvestment costs which occur once in each 20 years
period. To calculate the fuzzy present worth for scenario 1, first effective interest
rate for 20 years should be calculated as follows:

~i20 ¼ 1þ~i1
� �20�1 ¼ 1þ ilð Þ20�1; 1þ imð Þ20�1; 1þ irð Þ20�1

� �
¼ 1þ 0:07ð Þ20�1; 1þ 0:08ð Þ20�1; 1þ 0:09ð Þ20�1
� �

¼ 2:8697; 3:6609; 4:6044ð Þ

Fuzzy net present worth of scenario 1 is calculated using Eq. 8.2 as follows:

gNPV ¼ �fFC �
gUAC
~i

þ
gUAB
~i

þ
fSV
~i20

�
fFC
~i20

NPVl ¼ �FCr � UACr

ir
þ UABl

ir
þ SVl

~i20r
� FCr

~i20r

NPVm ¼ �FCm � UACm

im
þ UABm

im
þ SVm

~i20m
� FCm

~i20m

NPVr ¼ �FCl � UACl

il
þ UABr

il
þ SVr

~i20l
� FCl

~i20l

Using the formulas given above gNPV is calculated as
2702:8; 3020:46; 4345:59ð Þ for scenario 1.
To calculate the fuzzy present worth for scenario 2, the effective interest rate for

5 years should be calculated as follows:

~i5 ¼ 1þ~i1
� �5�1 ¼ 1þ ilð Þ5�1; 1þ imð Þ5�1; 1þ irð Þ5�1

� �
¼ 1þ 0:07ð Þ5�1; 1þ 0:08ð Þ5�1; 1þ 0:09ð Þ5�1
� �

¼ 0:4025; 0:4693; 0:5386ð Þ

Fuzzy net present worth of scenario 2 is calculated using the following equation:

gNPV ¼ �fFC �
gUAC
~i

þ
gUAB
~i

þ
gMC
~i5
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gNPV is calculated as 1903:545; 2992:033; 4388:634ð Þ for scenario 2.
Defuzzified values of gNPV for scenario 1 and 2 are calculated using Eq. 8.3 as

3272.328 and 3069.061, respectively.

8.4.2 Evaluation Using Type 2 Fuzzy Present Work

Table 8.3 shows the values of parameters using triangular interval type 2 fuzzy sets.
Effective interest rates for 5 and 20 years are calculated as follows:

~~i5 ¼ 1þ~~i1
� �5

�1 ¼ 1þ iUl
� �5�1; 1þ iUm

� �5�1; 1þ iUr
� �5�1

� �
; 1

1þ iLl
� �5�1; 1þ iLm

� �5�1; 1þ iLr
� �5�1

� �
; 0:9

¼ 1þ 0:07ð Þ5�1; 1þ 0:08ð Þ5�1; 1þ 0:09ð Þ5�1
� �

; 1

1þ 0:075ð Þ5�1; 1þ 0:08ð Þ5�1; 1þ 0:085ð Þ5�1
� �

; 0:9

¼ 0:4025; 0:4693; 0:5386; 1ð Þ 0:4356; 0:4693; 0:5036; 0:9ð Þ

~~i20 ¼ 1þ~~i1
� �20

�1

¼ 1þ iUl
� �20�1; 1þ iUm

� �20�1; 1þ iUr
� �20�1

� �
; 1

1þ iLl
� �20�1; 1þ iLm

� �20�1; 1þ iLr
� �20�1

� �
; 0:9

¼ 1þ 0:07ð Þ20�1; 1þ 0:08ð Þ20�1; 1þ 0:09ð Þ20�1
� �

; 1

1þ 0:075ð Þ20�1; 1þ 0:08ð Þ20�1; 1þ 0:085ð Þ20�1
� �

; 0:9

¼ 2:8697; 3:6609; 4:6044; 1ð Þ 3:2478; 3:6609; 4:1120; 0:9ð Þ

ggNPV s are calculated using Eq. 8.6, as 1983:983; 3020:458; 4345:592; 1ð Þ

2288:598; 3020:458; 3846:05; 0:9ð Þ and 1903:544; 2992:033; 4388:634; 1ð Þ

2223:783; 2992:033; 3862:259; 0:9ð Þ for scenario 1 and 2, respectively.
Defuzzified values are calculated using Eqs. 8.7 and 8.3 as 3,068.257 and

3043.294 respectively.
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8.4.3 Evaluation Using Intuitionistic Fuzzy Present Worth

Table 8.4 shows the values of parameters using interval valued intuitionistic fuzzy
sets.

Table 8.5 shows the aggregated and defuzzified values for IVIFS based on
Eqs. (8.11) and (8.12).

Using the data shown in Table 8.4 NPVs for Scenario 1 and 2 are calculated as
$3,020.785 and $2.987,552, respectively.

8.4.4 Evaluation Hesitant Fuzzy Annual Worth

Possible values of the parameters and their corresponding compromised member-
ship degrees are given in Table 8.6 using triangular HFS.

Table 8.7 shows the aggregated and defuzzified values for Triangular HFS based
on Eqs. (8.29) and (8.30).

Using the data shown in Table 8.6 NPVs for Scenarios 1 and 2 are calculated as
$2,996.775 and $2,959.74, respectively.

Table 8.7 Aggregated and defuzzified values of triangular HFS

Parameter Possible values Aggregated value Defuzzified Value
of membership

Defuzzified value
of parameter

FC $630,000 (0.341,0.442,0.572) 0.449 650,347

$650,000 (0.361,0.462,0.562) 0.462

$670,000 (0.294,0.471,0.607) 0.461

UAC $40.000 (0.468,0.579,0.748) 0.594 45,020

$45,000 (0.442,0.6,0.7) 0.585

$50,000 (0.494,0.597,0.702) 0.597

UAB $300,000 (0.516,0.650,0.753) 0.642 346,515

$350,000 (0.471,0.572,0.734) 0.587

$400,000 (0.443,0.571,0.736) 0.580

MC $50,000 (0.358,0.424,0.578) 0.446 85,035

$80,000 (0.618,0.744,0.848) 0.739

$110,000 (0.482,0.633,0.748) 0.624

SV $100,000 (0.442,0.542,0.618) 0.536 124,043

$130,000 (0.443,0.546,0.652) 0.547

$150,000 (0.317,0.449,0.562) 0.444

i 7% (0.465,0.569,0.650) 0.563 794

8% (0.461,0.633,0.748) 0.619

9% (0.420,0.489,0.674) 0.518
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8.5 Conclusions

Wind energy investments involve several uncertain parameters; each can be rep-
resented by linguistic terms or fuzzy numbers. The cost and benefit parameters of
wind energy investments can be better represented by fuzzy sets. Thus, an
investment decision report can be presented to the investor with a list of possible
results and their membership degrees.

PW analysis is the most used investment analysis technique. However, applying
classical PW analysis under vagueness may produce unrealistic suggestions. Taking
all possibilities into consideration before an investment decision is given is extre-
mely important. Fuzzy PW analysis exhibits all possibilities regarding the invest-
ment outcomes together with their membership degrees.

For further research, other extensions of fuzzy sets such as Pythagorean fuzzy
sets can be used for analyzing the wind energy investments. Other renewable
energy alternatives can be also examined such as biomass energy, solar energy,
geothermal energy, hydroelectric energy, ocean energy, or hydrogen energy under
fuzziness. Types of fuzzy numbers can be changed alternatively such as trapezoidal
fuzzy numbers or LR-type fuzzy numbers.
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