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Abstract: One of the tools for maintaining environmental sustainability is transformation from
fossil-based energy sources to renewable energy sources in energy consumption. Among renewable
energy alternatives, wind energy is the most prominent and reliable energy source for fulfilling
energy demand. Traditional investment evaluation techniques based on discounted cash flows are not
capable of capturing the uncertainty and vagueness in the data related to the wind energy investment
parameters. Fuzzy capital budgeting techniques can capture this vagueness and model the imprecise
estimations of parameter values. In this paper, we develop interval-valued intuitionistic fuzzy
benefit-cost analysis for the evaluation of wind energy technology investments. The fuzzy benefit-cost
analyses are based on both present worth and annual worth analyses. The developed analyses can
handle the assessments of multiple experts through aggregation operators. In the proposed economic
model, the components of each wind energy investment parameter are incorporated into the equations
in detail. A real case study is also presented in this paper.

Keywords: sustainability; renewable energy; wind energy; interval-valued intuitionistic fuzzy sets;
benefit/cost (B/C) analysis; present worth analysis (PWA); annual worth analysis (AWA)

1. Introduction

Managing environmental resources, especially energy sources, is one of the main determinants of
a sustainable development. In order to support sustainability, many researchers focused on energy
issues [1]. Renewable energy resources provide clean, affordable, and inexhaustible energy source
and decrease emission of greenhouse gases and protect global warming. Among the renewable
energy resources, wind energy is a reliable source of energy that enables sustainable development
and it accounts for 36% of total generated renewable energy [2]. In 2014, the global cumulative
installed wind capacity has reached 369,597 MW. Table 1 shows the global cumulative installed wind
capacity (MW) [3].

Table 1. Global cumulative installed wind capacity.

Year 1997 1998 1999 2000 2001 2002 2003 2004 2005

Cum.Capacity (MW) 7600 10,200 13,600 17,400 23,900 31,100 39,431 47,620 59,091

Year 2006 2007 2008 2009 2010 2011 2012 2013 2014

Cum.Capacity (MW) 73,949 93,901 120,715 159,079 197,943 238,435 283,132 318,644 369,597
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The Turkish wind energy market is a fast growing market with a 3763 MW total installed capacity.
In 2014, Turkey added 804 MW of new wind power [3]. Turkey, especially the western part of Turkey,
has a great wind energy potential [4–6]. Although the installed wind energy capacity has been
increasing over the years, falls in fossil fuel prices have raised questions over the competitiveness of
wind energy investments. A detailed economic analysis of wind energy investments may reflect the
economic feasibility of wind energy investments.

Economic analysis of wind energy investments includes many parameters such as turbine costs,
foundation costs, connection to the system costs, planning and license costs, and operating and
maintenance costs including rent costs. The forecasted annual operating and maintenance costs and
annual incomes that depend on the feed-in tariff should be correctly discounted based on a time value
of money. The economic analysis technique can be any of present worth analysis, annual cash flow
analysis, rate of return analysis, or benefit-cost (B/C) ratio analysis. The classical benefit-cost ratio
can be defined as the ratio of the equivalent value of benefits to the equivalent value of costs. In this
paper, B/C analysis is used since this technique is generally used for public projects and exhibits a
clear comparison between benefits and costs.

The benefit-cost (B/C) ratio can be formulated as PWB/PWC or EUAB/EUAC where PWB and
EUAB represent the present worth of benefits and equivalent uniform annual benefit associated with
the project, respectively, and PWC and EUAC represent the present worth of costs and equivalent
uniform annual costs, respectively [7]. A B/C ratio greater than or equal to 1.0 indicates that the project
evaluated is economically advantageous. When there are two or more mutually exclusive alternatives,
the incremental B/C analysis between the alternatives is realized.

The wind energy investment parameters are generally forecasted under uncertainty. If sufficient
data are available, risk models are preferred by the experts. But, in case of insufficient, incomplete,
imprecise or vague data, the experts cannot use risk models. They need the models that can take these
types of data into account, which the fuzzy set theory excellently offers. In the fuzzy set theory founded
by Zadeh [8], an element can be a member of various sets at the same time, and everything is a matter of
degree. Fuzzy sets have been widely used in many problems such as strategic decision-making [9], risk
management [10], investment evaluations [11], multicriteria decision-making [12], supply chain [13],
flexible manufacturing [14] and modeling capabilities [15]. The ordinary fuzzy sets have been recently
extended to intuitionistic fuzzy sets [2,16], hesitant fuzzy sets [17,18], fuzzy multisets [19], type-2 fuzzy
sets [20,21], and stationary fuzzy sets [22]. Kahraman et al. [23] developed fuzzy B/C ratio analysis
using ordinary fuzzy sets for the cases of single alternative and multiple alternatives having equal and
unequal useful lives.

In this paper, we prefer using interval-valued intuitionistic fuzzy sets for the economic analysis
of wind energy technologies since they let us define the membership and non-membership degrees
together with the hesitancy. When decision makers are forced to make sharp and precise evaluations
in case of insufficient information, they may not be able to accurately express their preferences.
This is less but still true when ordinary fuzzy sets are used as a tool to express their preferences.
Intuitionistic fuzzy sets provide an efficient tool to capture this problem by incorporating membership,
non-membership, and hesitancy into decision makers’ evaluations. Intuitionistic fuzzy sets are the
generalization of ordinary fuzzy sets. Intuitionistic fuzzy sets can deal with inevitably imprecise or not
totally reliable information. Therefore, it better simulates human decision-making processes and any
activities requiring human expertise and knowledge in these cases. These membership degrees can
be expressed in different ways: single values, intervals, triangular or trapezoidal fuzzy numbers, etc.
We developed fuzzy B/C ratio analysis using interval-valued intuitionistic fuzzy sets (IVIFS) for the
cases of single alternative and multiple alternatives having equal and unequal useful lives.

The rest of this paper is organized as follows. Section 2 gives the literature review results on wind
energy investments. Section 3 presents IVIFS and their aggregation and defuzzification operators.
Section 4 develops intuitionistic fuzzy benefit-cost ratio analysis based on both present worth and
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annual worth. Section 5 includes an application of IVIF B/C ratio analysis for wind energy investments.
Section 6 concludes the paper and presents suggestions for further research.

2. Wind Energy Investments

Total wind energy installed capacity is increasing dramatically with an average more than 10%
annual increase. Table 2 illustrates global annual installed wind capacity [3]. In 2014, globally,
51,473 MW of wind capacity has been installed. Although the wind energy installation capacity is
increasing, the wind energy usage has not reached its potential due to the relatively high investment
costs and low fossil fuel prices. A comprehensive economic analysis may enable appropriate technology
selection and can increase the wind energy usage.

Table 2. Global annual installed wind capacity.

Year 1997 1998 1999 2000 2001 2002 2003 2004 2005

Capacity (MW) 1530 2520 3440 3760 6500 7270 8133 8207 11,531
Year 2006 2007 2008 2009 2010 2011 2012 2013 2014

Capacity (MW) 14,701 20,286 26,952 38,478 38,989 40,943 44,929 35,692 51,473

The wind power potential of a wind turbine is related with its characteristic and its compatibility
to the environmental conditions [24,25]. The environmental conditions involve wind velocity and
air density. The swept area, cut-in speed, cut-out speed, rotor diameter and height of the turbine are
the technological characteristics [26,27]. The wind tribunes are active for certain cut-in and cut-off
speeds, and they cannot fully utilize all the energy of blowing wind due to rotor blade friction, gearbox
losses, the generator and the converter. Different wind turbine technologies provide different wind
energy production. When selecting the wind turbines, the available wind turbines, their technological
characteristics and the potential wind energy production levels should first be defined. In order to
select the best wind turbine, this technical analysis should be combined with an economic analysis.

In the literature, there are several studies that economically analyze wind turbine investments.
Mostafaeipour et al. [28] analyzed the wind energy potential for the city of Zahedan and selected the
most economic wind turbine technology among four small size wind turbines. The initial investment
costs, maintenance and operation costs were used for the selection process. Rahimi et al. [29]
applied a techno-economic evaluation to an in household size wind-hydrogen hybrid system.
They considered annualized capital, annualized replacement and annualized maintenance costs.
Schallenberg-Rodriguez [30] proposed a methodology to calculate the annualized wind generation
cost and applied this methodology to the wind energy investments in the Canary Islands. Mohammadi
and Mostafaeipour [31] evaluated six different wind turbines in order to reveal the economic feasibility
of electricity generation using wind turbines in city of Aligoodarz. Ertürk [5] analyzed the onshore
wind energy potential of Turkey and the impact of regulations and incentives on this potential. In this
study, the net present values under different scenarios were evaluated.

The wind energy investment costs can be defined as the turbine costs, grid connection, foundation,
land rent, electric installation, consultancy, financial costs, road construction, control systems,
operational and maintenance expenses [4,5,32,33]. These costs change based on the turbine capacity,
land characteristics and the turbine characteristics. In this study, investment costs, turbine costs,
foundation costs, connection to the system, rental costs, planning and license costs were considered the
main fixed costs, whereas operating and maintenance costs were considered the main variable costs.

3. Interval Valued Intuitionistic Fuzzy Sets

In the fuzzy set theory, the membership of an element to a fuzzy set is a single value between zero
and one. However, the degree of non-membership of an element in a fuzzy set may not be equal to
1 minus the membership degree since there may be some hesitation degree. Therefore, a generalization
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of fuzzy sets was proposed by Atanassov [34] as intuitionistic fuzzy sets (IFS) that incorporate the
degree of hesitation, which is defined as 1 minus the sum of membership and non-membership degrees.

Let D Ď r0, 1s be the set of all closed subintervals of the interval and X be a universe of discourse.
An interval-valued intuitionistic fuzzy set rA over X is an object having the form

rA “

!

ă x, µ
rA pxq , v

rA pxq ą| x P X
)

(1)

where µ
rA Ñ D Ď r0, 1s , v

rA pxq Ñ D Ď r0, 1s with the condition 0 ď supµ
rA pxq ` supv

rA pxq ď 1,@x P X.
The intervals µ

rA pxq and v
rA pxq denote the membership function and the non-membership

function of the element x to the set rA, respectively. Thus, for each x P X, µ
rA pxq and v

rA pxq are
closed intervals, and their starting and ending points are denoted by µ´

rA
pxq , µ`

rA
pxq , υ´

rA
pxq and υ`

rA
pxq,

respectively. Interval-valued intuitionistic fuzzy set rA is then denoted by

rA “

!

ă x,
”

µ´
rA
pxq , µ`

rA
pxq

ı

,
”

υ´
rA
pxq , υ`

rA
pxq

ı

ą| x P X
)

(2)

where 0 ď µ`
rA
pxq ` υ`

rA
pxq ď 1, µ´

rA
pxq ě 0, υ´

rA
pxq ě 0.

For each element x, we can compute the unknown degree (hesitancy degree) of an interval-valued
intuitionistic fuzzy set of x P X in rA defined as follows:

π
rA pxq “ 1´ µ

rA pxq ´ v
rA pxq “

´

1´ µ`
rA
pxq ´ υ`

rA
pxq , 1´ µ´

rA
pxq ´ υ´

rA
pxq

¯

(3)

For convenience, let µ
rA pxq “

”

µ´
rA
pxq , µ`

rA
pxq

ı

“

”

µ´
rA

, µ`
rA

ı

, v
rA pxq “

”

υ´
rA
pxq , υ`

rA
pxq

ı

“

”

υ´
rA

, υ`
rA

ı

,

so rA “
´”

µ´
rA

, µ`
rA

ı

,
”

υ´
rA

, υ`
rA

ı¯

.
Figure 1 illustrates an interval-valued intuitionistic fuzzy set [35].

Figure 1. Interval-valued intuitionistic fuzzy set.

3.1. Arithmetic Operations for IVIFS

Some arithmetic operations with interval-valued intuitionistic fuzzy numbers and λ ě 0 are
given in the following. Let rA “

´”

µ
rA
´, µ

rA
`
ı

,
”

v
rA
´, v

rA
`
ı¯

and rB “
´”

µ
rB
´, µ

rB
`
ı

,
”

v
rB
´, v

rB
`
ı¯

be
two interval-valued intuitionistic fuzzy numbers. Then,

rA‘ rB “
´”

µ´
rA
` µ´

rB
´ µ´

rA
µ´
rB

, µ`
rA
` µ`

rB
´ µ`

rA
µ`
rB

ı

,
”

v´
rA

v´
rB

, v`
rA

v`
rB

ı¯

(4)
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rAb rB “
´”

µ´
rA

µ´B , µ`
rA

µ`B

ı

,
”

v´
rA
` v´B ´ v´

rA
v´B , v`

rA
` v`B ´ v`

rA
v`B

ı¯

(5)

Using the extension principle, the arithmetic operations for interval-valued intuitionistic fuzzy
numbers can be obtained by the general equation given in Equation (6) ([36], [37]):

rAf rB “

$

’

’

&

’

’

%
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!
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/

/

.

/

/

-

(6)

where the symbol “*” stands for one of the algebraic operations. The arithmetic operations for
interval-valued intuitionistic fuzzy numbers are defined as in the following:
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3.2. Aggregation Operators for IVIFS

Let rαj “
´”

µ´j , µ`j

ı

,
”

v´j , v`j
ı¯

pj “ 1, 2, . . . , nq be a collection of interval-valued intuitionistic
fuzzy numbers and let IIFWA: Qn Ñ Q , if

I IFWAw prα1,rα2, . . . ,rαnq “ w1rα1 ‘w2rα2 ‘ . . .‘wnrαn (11)

then IIFWA is called an interval-valued intuitionistic fuzzy weighted averaging (IIFWA) operator,
where Q is the set of all IVIFNs, w “ pw1, w2, . . . , wnq is the weight vector of the IVIFNs
rαj pj “ 1, 2, . . . , nq, and wj ą 0,

ř n
j“1wj “ 1. The IIFWA operator can be further transformed in

to the following form [38]:

I IFWAw prα1,rα2, . . . ,rαnq “
´”

1´
ś n
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´

1´ µ´j

¯wi
, 1´
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ı

,
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´
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,
ś n
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´
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ı¯ (12)

Specifically if w “ p1{n, 1{n, . . . , 1{nq, the IIFWA operator reduces to an interval-valued
intuitionistic fuzzy averaging (IIFA) operator, where

I IFA prα1,rα2, . . . ,rαnq “
1
n
prα1 ‘ rα2 ‘ . . .‘ rαnq “

ˆ„

1´
śn

j“1

´

1´ µ´j

¯1{n
, 1´

śn
j“1

´

1´ µ`j

¯1{n


,
„

śn
j“1

´

v´j
¯1{n

,
śn

j“1

´

v`j
¯1{n

˙ (13)



Sustainability 2016, 8, 118 6 of 18

3.3. Defuzzification of IVIFS

Let rαj “
´”

µ´j , µ`j

ı

,
”

v´j , v`j
ı¯

be an interval-valued intutionistic fuzzy number. The following
score function is proposed for defuzzifying rα:

I
`

rαj
˘

“

µ´j ` µ`j `
´

1´ v´j
¯

`

´

1´ v`j
¯

` µ´j ˆ µ`j ´

c

´

1´ v´j
¯

ˆ

´

1´ v`j
¯

4
(14)

In Equation (14) the terms (1-v´j ) and (1-v`j ) convert non-membership degrees to membership

degrees, while the term
c

´

1´ v´j
¯

ˆ

´

1´ v`j
¯

decreases the defuzzified value.

4. Fuzzy Benefit-Cost Analysis

In the literature, there are few works on energy using fuzzy B/C analysis. Ciabattoni et al. [39]
and Ciabattoni et al. [40] presented a high-resolution model of domestic electricity use. The model is
based on a fuzzy logic inference system. The focus of these works is the use of a novel fuzzy model
combined with a benefit-cost analysis to evaluate the real economic benefits of load shifting actions.

In this section, we first develop intuitionistic fuzzy present worth analysis and intuitionistic fuzzy
annual worth analysis. Then, based on these analyses, we develop IVIF B/C ratio analysis. The flow
chart of the proposed IVIF B/C analysis is given in Figure 2.

Figure 2. Flow chart of the proposed IVIF B/C ratio analysis.

4.1. Interval-Valued Intuitionistic Fuzzy Present Worth Analysis

The intuitionistic fuzzy present worth (ĄPW Iqis calculated by Equations (15) and (16):

ĄPW I “ ´ĂFCI ´ ĆUACI

ˆ

P
A

,riI , rnI

˙

` ĆUABI

ˆ

P
A

,riI , rnI

˙

` ĂSV I

ˆ

P
F

,riI , rnI

˙

(15)
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or

ĄPW I “ ´ĂFCI ´ ĆUACI

»

—

–

´

1`riI

¯

rnI
´ 1

riI

´

1`riI

¯

rnI

fi

ffi

fl

` ĆUABI

»

—

–

´

1`riI

¯

rnI
´ 1

riI

´

1`riI

¯

rnI

fi

ffi

fl

` ĂSV I

´

1`riI

¯´rnI
(16)

where ĂFCI is the intuitionistic fuzzy first cost; ĆUACI is the intuitionistic fuzzy uniform annual cost;
ĆUABI is the intuitionistic fuzzy uniform annual benefit; ĂSV I is the intuitionistic fuzzy salvage value;
riI is the intuitionistic fuzzy interest rate; and rnI is the intuitionistic fuzzy useful life of the project.

In these equations, intuitionistic fuzzy investment parameters will be handled by interval-valued
intuitionistic fuzzy sets. The index “Iv,I” indicates that it is an interval-valued intuitionistic fuzzy (IVIF)
set. We assume that m IVIF evaluations for each of k values of each investment parameter are made.

Using these interval-valued intuitionistic fuzzy parameters, the interval-valued intuitionistic fuzzy
present worth (ĄPW Iv,Iqof an investment alternative can be calculated using the following equations.

ĄPW Iv,I “ ´ĂFCIv,I ´ ĆUACIv,I

ˆ

P
A

,riIv,I , rnIv,I

˙

` ĆUABIv,I

ˆ

P
A

,riIv,I , rnIv,I

˙

` ĂSV Iv,I

ˆ

P
F

,riIv,I , rnIv,I

˙

(17)

or

Sustainability 2016, 8, 118 

7 

or 

ܲ෪ܹ ூ௩,ூ ൌ െܥܨ෪ூ௩,ூ െ ෫ூ௩,ூܥܣܷ ቈ
൫ଵାప̃಺ೡ,಺൯

೙෥಺ೡ,಺ିଵ

ప̃಺ೡ,಺൫ଵାప̃಺ೡ,಺൯
೙෥಺ೡ,಺

቉ ൅ ෫ூ௩,ூܤܣܷ ቈ
൫ଵାప̃಺ೡ,಺൯

೙෥಺ೡ,಺ିଵ

ప̃಺ೡ,಺൫ଵାప̃಺ೡ,಺൯
೙෥಺ೡ,಺

቉ ൅ ܵ෪ܸூ௩,ூ൫1 ൅

ଓ̃ூ௩,ூ൯
ି௡෤಺ೡ,಺

   

(18) 

where 

෪ூ௩,ூܥܨ ൌራ ௪ܣܹܨܫܫ
௞

௝ୀଵ
൫〈݂ܿ௝, ሺሾߤଵି, ଵߤ

ାሿ, ሾݒଵି, ଵݒ
ାሿሻ, … , ሺሾߤ௠ି , ௠ାߤ ሿ, ሾݒ௠ି,  ௠ାሿሻ〉൯ݒ

෫ூ௩,ூܥܣܷ ൌ ⋃ ܽݑ〉௪൫ܣܹܨܫܫ ௝ܿ, ሺሾߤଵି, ଵߤ
ାሿ, ሾݒଵି, ଵݒ

ାሿሻ, … , ሺሾߤ௠ି , ௠ାߤ ሿ, ሾݒ௠ି, ௠ାሿሻ〉൯ݒ
࢑
ୀ૚࢐ , 

෫ூ௩,ூܤܣܷ ൌ ⋃ ܽݑ〉௪൫ܣܹܨܫܫ ௝ܾ, ሺሾߤଵି, ଵߤ
ାሿ, ሾݒଵି, ଵݒ

ାሿሻ, … , ሺሾߤ௠ି , ௠ାߤ ሿ, ሾݒ௠ି, ௠ାሿሻ〉൯ݒ
࢑
ୀ૚࢐ , 

ܵ෪ܸூ௩,ூ ൌ ⋃ ,௝ݒݏ〉௪൫ܣܹܨܫܫ ሺሾߤଵି, ଵߤ
ାሿ, ሾݒଵି, ଵݒ

ାሿሻ, … , ሺሾߤ௠ି , ௠ାߤ ሿ, ሾݒ௠ି, ௠ାሿሻ〉൯ݒ
࢑
ୀ૚࢐ ,   

ଓூ̃௩,ூ ൌ 	⋃ IIFWA୵൫〈 ௝݅, ሺሾߤଵି, ଵߤ
ାሿ, ሾݒଵି, ଵݒ

ାሿሻ, … , ሺሾߤ௠ି , ௠ାߤ ሿ, ሾݒ௠ି, ௠ାሿሻ〉൯ݒ
୩
୨ୀଵ ,   

n෤ூ௩,ூ ൌራIIFWA୵൫〈 ௝݊, ሺሾߤଵି, ଵߤ
ାሿ, ሾݒଵି, ଵݒ

ାሿሻ, … , ሺሾߤ௠ି , ௠ାߤ ሿ, ሾݒ௠ି, ௠ାሿሻ〉൯ݒ

୩

୨ୀଵ

 

4.2. Interval‐Valued Intuitionistic Fuzzy Annual Worth Analysis 

Fuzzy equivalent uniform annual worth is calculated by Equation (19): 
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Interval‐valued intuitionistic fuzzy annual worth    EUAW෫ ୍୴,୍  is calculated as in Equation (21): 
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Aggregation of  interval‐valued  intuitionistic  fuzzy parameters  is performed as  in Subsection 

3.2.   

4.3. IVI Fuzzy B/C Analysis Based on PW 

B/C ratio for a single alternative is calculated by Equation (23): 
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Incremental PW based B/C analysis can be  realized by using Equation  (25) or Equation  (26), 

assuming crisp and equal lives for the alternatives:   
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4.2. Interval-Valued Intuitionistic Fuzzy Annual Worth Analysis

Fuzzy equivalent uniform annual worth is calculated by Equation (19):

ČEUAW I “ ´ĂFCI

ˆ

A
P

,riI , rnI

˙

´ ĆUACI ` ĆUABI ` ĂSV I

ˆ

A
F

,riI , rnI

˙

(19)

or

ČEUAW I “ ´ĂFCI

»

—

–

riI

´

1`riI

¯

rnI
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1`riI

¯

rnI
´ 1

fi

ffi

fl

´ ĆUACI ` ĆUABI ` ĂSV I

»

—

–

riI
´

1`riI

¯

rnI
´ 1

fi

ffi

fl

(20)

Interval-valued intuitionistic fuzzy annual worth ČEUAWIv,I is calculated as in Equation (21):

ČEUAW Iv,I “ ´ĂFCIv,I

ˆ

A
P

,riIv,I , rnIv,I

˙

´ ĆUACIv,I ` ĆUABIv,I ` ĂSV Iv,I

ˆ

A
F

,riIv,I , rnIv,I

˙

(21)

or

ČEUAW Iv,I “ ´ĂFCIv,I

»
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¯
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´
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¯
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fi

ffi

fl

´ ĆUACIv,I ` ĆUABIv,I ` ĂSV Iv,I

»

—

–

riIv,I
´

1`riIv,I

¯

rnIv,I
´ 1

fi

ffi

fl

(22)
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Aggregation of interval-valued intuitionistic fuzzy parameters is performed as in Section 3.2.

4.3. IVI Fuzzy B/C Analysis Based on PW

B/C ratio for a single alternative is calculated by Equation (23):

rB
rC
“

ĆUABIv,I

ˆ

P
A

,riIv,I , rnIv,I

˙

ĂFCIv,I ` ĆUACIv,I

ˆ

P
A

,riIv,I , rnIv,I

˙

´ ĂSV Iv,I

ˆ

P
F

,riIv,I , rnIv,I

˙ (23)

or
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4.2. Interval‐Valued Intuitionistic Fuzzy Annual Worth Analysis 

Fuzzy equivalent uniform annual worth is calculated by Equation (19): 
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ܣ
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Interval‐valued intuitionistic fuzzy annual worth    EUAW෫ ୍୴,୍  is calculated as in Equation (21): 
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Aggregation of  interval‐valued  intuitionistic  fuzzy parameters  is performed as  in Subsection 

3.2.   

4.3. IVI Fuzzy B/C Analysis Based on PW 

B/C ratio for a single alternative is calculated by Equation (23): 
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Incremental PW based B/C analysis can be  realized by using Equation  (25) or Equation  (26), 

assuming crisp and equal lives for the alternatives:   
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(24)

Incremental PW based B/C analysis can be realized by using Equation (25) or Equation (26),
assuming crisp and equal lives for the alternatives:

Ă∆B
Ă∆C

“

Č∆UABIv,I

ˆ

P
A

,riIv,I , n
˙

Ć∆FCIv,I ` Č∆UACIv,I

ˆ

P
A

,riIv,I , n
˙

´Ć∆SV Iv,I

ˆ

P
F

,riIv,I , n
˙ (25)

or

Ă∆B
Ă∆C
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Č∆UABIv,I

»
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1`riIv,I

¯n
´ 1

riIv,I

´
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¯n

fi

ffi

fl
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(26)

Incremental B/C analysis would be harder when assuming intuitionistic fuzzy and unequal
lives for the alternatives. For instance, the life of Alternative 1 may be 4 years with a membership of
tr0.6, 0.8s , r0.1, 0.2su, while it is 8 years for Alternative 2 with a membership of tr0.5, 0.7s , r0.0, 0.3su.
The least common multiple of lives (LCML) of these alternatives must first be calculated and then
Equation (6) must be used. Thus, we obtain tLCML p4, 8q “ 8, r0.5, 0.7s , r01, 0.3su.

Let rnIv,I1 “
 

n1,
“

µ´1 , µ`1
‰

,
“

v´1 , v`1
‰(

and rnIv,I2 “
 

n2,
“

µ´2 , µ`2
‰

,
“

v´2 , v`2
‰(

be IVIF lives of
Alternatives 1 and 2, respectively. Then, the IVIF analysis period will be

 

LCML prnIv,I1, rnIv,I2q ,
“

min
`

µ´1 , µ´2
˘

, min
`

µ`1 , µ`2
˘‰

,
“

max
`

v´1 , v´2
˘

, max
`

v`1 , v`2
˘‰(

“
 

n,
“

µ´, µ`
‰

,
“

v´, v`
‰ ( (27)

Incremental B/C ratio can be calculated as in Equation (28).
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Incremental B/C ratio can be calculated as in Equation (28). 
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4.4. IVI Fuzzy B/C Analysis Based on AW 

Based on AW terms, B/C ratio for a single alternative is calculated by Equation (29): 
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Incremental AW‐based B/C analysis can be realized by using Equation  (31) or Equation  (32), 

assuming crisp and equal lives for the alternatives:   
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Incremental B/C analysis would be as follows when assuming intuitionistic fuzzy and unequal 

lives for the alternatives.   

Let  ෤݊ூ௩,ூଵ ൌ ሼ݊ଵ, ሾߤଵି, ଵߤ
ାሿ, ሾݒଵି, ଵݒ
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ାሿ, ሾݒଶ
ି, ଶݒ

ାሿሽ   be  IVIF  lives  of 

Alternatives 1 and 2, respectively. Since the IVIF AW analysis will not require a LCML of alternative 

lives, you can use the own life of each alternative in the calculation as in Equation (33).   
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4.4. IVI Fuzzy B/C Analysis Based on AW

Based on AW terms, B/C ratio for a single alternative is calculated by Equation (29):
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(30)

Incremental AW-based B/C analysis can be realized by using Equation (31) or Equation (32),
assuming crisp and equal lives for the alternatives:
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(32)

Incremental B/C analysis would be as follows when assuming intuitionistic fuzzy and unequal
lives for the alternatives.

Let rnIv,I1 “
 

n1,
“

µ´1 , µ`1
‰

,
“

v´1 , v`1
‰(

and rnIv,I2 “
 

n2,
“

µ´2 , µ`2
‰

,
“

v´2 , v`2
‰(

be IVIF lives of
Alternatives 1 and 2, respectively. Since the IVIF AW analysis will not require a LCML of alternative
lives, you can use the own life of each alternative in the calculation as in Equation (33).
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Incremental B/C  analysis would be harder when  assuming  intuitionistic  fuzzy  and unequal 

lives for the alternatives. For instance, the life of Alternative 1 may be 4 years with a membership of 
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(27) 

Incremental B/C ratio can be calculated as in Equation (28). 
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4.4. IVI Fuzzy B/C Analysis Based on AW 

Based on AW terms, B/C ratio for a single alternative is calculated by Equation (29): 
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Incremental AW‐based B/C analysis can be realized by using Equation  (31) or Equation  (32), 

assuming crisp and equal lives for the alternatives:   
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Incremental B/C analysis would be as follows when assuming intuitionistic fuzzy and unequal 

lives for the alternatives.   
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Alternatives 1 and 2, respectively. Since the IVIF AW analysis will not require a LCML of alternative 

lives, you can use the own life of each alternative in the calculation as in Equation (33).   
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(34) 

5. Application   

In  the Marmara  Region  of  Turkey,  for  an  area  convenient  to  wind  energy  production,  a 

selection among  the possible wind energy  technology alternatives will be realized. The  following 

three wind energy technologies were evaluated by hesitant and intuitionistic fuzzy sets: E70 2.3MW, 

E82 3MW, and V112 3.3MW. Each alternative has a useful life of 20 years.   

5.1. Crisp Solution 

Annual energy production is 111,410,000 kWh for E70 2.3MW wind turbine, 102,300,000 kWh 

for E82 3MW wind turbine, and 131,600,000 for V112 3.3MW wind turbine. 

Table 3 presents the initial investment costs of these alternatives in 2015. 

Table 3. Initial investment costs. 

 
E70 2.3MW wind 

turbine × 13 units 

E82 3MW wind 

turbine × 10 units 

V112 3.3MW wind 

turbine × 9 units 

Turbine costs, $  22,672,000  25,070,000  28,449,000 

Foundation costs, $  3,270,000  3,270,000  3,270,000 

Connection to the system, $  3,815,000  3,815,000  3,815,000 

Planning and license costs, $  3,270,000  3,270,000  3,270,000 

Initial Investment cost, $  33,027,000  35,425,000  38,804,000 

The annual maintenance costs between 0–5; 5–10; 10+ years are different since maintenance cost 

per kWh is $0.019 for the first 5 years, $0.021 for the second 5 years, and $0.025 thereafter. Table 4 

shows the annual operating and maintenance costs of the wind energy technology alternatives.   

Table 4. Annual operating and maintenance costs, $. 

Years 
E70 2.3MW wind 

turbine × 13 units 

E82 3MW wind 

turbine × 10 units 

V112 3.3MW wind 

turbine × 9 units 

2016–2020  3,411,993  2,940,010  3,528,679 

2021–2025  3,634,813  3,144,610  3,923,479 

2026–2035  4,080,453  3,553,810  4,449,879 

Table  5  shows  the  net  annual  incomes  of  the  three wind  energy  alternatives.  The  annual 

incomes change after the first 5 years since the feed‐in tariff is $0.081 / kWh for the first 5 years and 

$0.073 / kWh thereafter. 

Table 5. Gross and net annual incomes, $. 

. 

E70 2.3MW wind 
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Gross  Net  Gross Net Gross Net 

2016–2020  9,024,210  5,612,217  8,286,300  5,346,290  10,659,600  7,130,921 

2021–2025  8,132,930  4,498,117  7,467,900  4,323,290  9,606,800  5,683,321 
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Table 6 gives the net present worth (NPW) results of the wind energy technology alternatives 

based on a minimum attractive rate of return (MARR) of 7.5%, compounded annually. 

(34)

5. Application

In the Marmara Region of Turkey, for an area convenient to wind energy production, a selection
among the possible wind energy technology alternatives will be realized. The following three wind
energy technologies were evaluated by hesitant and intuitionistic fuzzy sets: E70 2.3MW, E82 3MW,
and V112 3.3MW. Each alternative has a useful life of 20 years.

5.1. Crisp Solution

Annual energy production is 111,410,000 kWh for E70 2.3MW wind turbine, 102,300,000 kWh for
E82 3MW wind turbine, and 131,600,000 for V112 3.3MW wind turbine.

Table 3 presents the initial investment costs of these alternatives in 2015.
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Table 3. Initial investment costs.

E70 2.3MW wind
turbine ˆ 13 units

E82 3MW wind
turbine ˆ 10 units

V112 3.3MW wind
turbine ˆ 9 units

Turbine costs, $ 22,672,000 25,070,000 28,449,000
Foundation costs, $ 3,270,000 3,270,000 3,270,000
Connection to the system, $ 3,815,000 3,815,000 3,815,000
Planning and license costs, $ 3,270,000 3,270,000 3,270,000
Initial Investment cost, $ 33,027,000 35,425,000 38,804,000

The annual maintenance costs between 0–5; 5–10; 10+ years are different since maintenance cost
per kWh is $0.019 for the first 5 years, $0.021 for the second 5 years, and $0.025 thereafter. Table 4
shows the annual operating and maintenance costs of the wind energy technology alternatives.

Table 4. Annual operating and maintenance costs, $.

Years E70 2.3MW wind
turbine ˆ 13 units

E82 3MW wind
turbine ˆ 10 units

V112 3.3MW wind
turbine ˆ 9 units

2016–2020 3,411,993 2,940,010 3,528,679
2021–2025 3,634,813 3,144,610 3,923,479
2026–2035 4,080,453 3,553,810 4,449,879

Table 5 shows the net annual incomes of the three wind energy alternatives. The annual
incomes change after the first 5 years since the feed-in tariff is $0.081 / kWh for the first 5 years
and $0.073 / kWh thereafter.

Table 5. Gross and net annual incomes, $.

E70 2.3MW wind
turbine ˆ 13 units

E82 3MW wind
turbine ˆ 10 units

V112 3.3MW wind
turbine ˆ 9 units

Gross Net Gross Net Gross Net

2016–2020 9,024,210 5,612,217 8,286,300 5,346,290 10,659,600 7,130,921
2021–2025 8,132,930 4,498,117 7,467,900 4,323,290 9,606,800 5,683,321
2026–2035 8,132,930 4,052,477 7,467,900 3,914,090 9,606,800 5,156,921

Table 6 gives the net present worth (NPW) results of the wind energy technology alternatives
based on a minimum attractive rate of return (MARR) of 7.5%, compounded annually.

Because of the space constraints, only the calculations for E70 2.3MW wind turbine are
given below.

NPWE70 “ 5, 612, 217
ˆ

P
A

, 7.5%, 5
˙

` 4, 498, 117
ˆ

P
A

, 7.5%, 5
˙ˆ

P
F

, 7.5%, 5
˙

`4, 052, 477
ˆ

P
A

, 7.5%, 10
˙ˆ

P
F

, 7.5%, 10
˙

´ 33, 027, 000

“ $15, 852, 372

and

Sustainability 2016, 8, 118 

10 

Because of the space constraints, only the calculations for E70 2.3MW wind turbine are given 

below.   

ܰܲ ாܹ଻଴ ൌ 5,612,217 ൬
ܲ
ܣ
, 7.5%, 5൰ ൅ 4,498,117 ൬

ܲ
ܣ
, 7.5%, 5൰ ൬

ܲ
ܨ
, 7.5%, 5൰

൅ 4,052,477 ൬
ܲ
ܣ
, 7.5%, 10൰ ൬

ܲ
ܨ
, 7.5%, 10൰ െ 33,027,000

ൌ $15,852,372 

 

and 

ሺ
ܤ
ܥ
ሻா଻଴ ൌ

9,024,210 ቀ
ܲ
ܣ , 7.5%, 5ቁ ൅ 8,132,930 ቀ

ܲ
ܣ , 7.5%, 5ቁ ቀ

ܲ
ܨ , 7.5%, 5ቁ ൅ 8,132,930 ቀ

ܲ
ܣ , 7.5%, 10ቁ ቀ

ܲ
ܨ , 7.5%, 10ቁ

33,027,000 ൅ 3,411,993 ቀ
ܲ
ܣ , 7.5%, 5ቁ ൅ 3,634,813 ቀ

ܲ
ܣ , 7.5%, 5ቁ ቀ

ܲ
ܨ , 7.5%, 5ቁ ൅ 4,080,453 ቀ

ܲ
ܣ , 7.5%, 10ቁ ቀ

ܲ
ܨ , 7.5%, 10ቁ

ൌ 1.224332 

Table 6 also gives the B/C results of the three alternatives. All the alternatives are economically 

feasible. The wind energy turbine V112 3.3MW  is the preferred alternative since  it has the  largest 

NPW value. 

Table 6. NPWs and B/C ratios of the wind energy technology alternatives. 

 
E70 2.3MW wind turbine 

× 13 units 

E82 3MW wind turbine 

× 10 units 

V112 3.3MW wind turbine 

× 9 units 

NPW, $  15,852,372  11,424,879  23,238,262 

B/C  1.224332  1.167969  1.29431 

Table 7 selects the best alternative based on incremental B/C ratio analysis. V112 3.3MW is the 

best alternative since  ܤ∆ ⁄ܥ∆   ratio between V112 and E70 is larger than 1.0 

Table 7. Incremental B/C ratio analysis. 

  ࡮∆ ⁄࡯∆ Decision

E70 vs. E82  2.6726363  Select E70 

V112 vs. E70  1.8906222  Select V112 

5.2. Intuitionistic Fuzzy Solution 

Although  the parameters  in  Section  5.1  are given  by  single values,  these values  can not be 

known with certainty  in  reality. For  instance,  the annual operating and maintenance cost  for E70 

2.3MW wind  turbine between 2016 and 2020  is projected as 3,411,993, even  though  it can not be 

forecasted so sharply. Because of  the uncertainty of  the  future,  this cost should be defined by an 

interval. To receive their evaluations under uncertainty and hesitancy, three experts were employed. 

The  experts  whose  weights  are  0.4,  0.4,  and  0.2  assigned  the  intuitionistic  fuzzy  sets  to  the 

investment parameters as follows: 

The forecasts for initial investment costs and aggregated IVIFS are presented in Table 8.   

Table 8. Aggregated IVIF initial investment costs. 

 

Possible initial   

investment 

costs 

IVIFS assigned by three experts  Aggregated IVIFS 

E70 2.3MW  $28,000,000 
([0.6, 0.9], [0.0, 0.1]), ([0.6, 0.7], [0.1, 0.3]), ([0.5, 

0.8], [0.1, 0.2]) 

([0.5817, 0.8217], [0.0000, 

0.1783]) 

  $30,000,000 
([0.5, 0.7],[0.1, 0.2]), ([0.7, 0.8], [0.0, 0.2]), ([0.6, 

0.8], [0.0, 0.1]), 

([0.6102, 0.7648], [0.0000, 
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Table 6 also gives the B/C results of the three alternatives. All the alternatives are economically
feasible. The wind energy turbine V112 3.3MW is the preferred alternative since it has the largest
NPW value.

Table 6. NPWs and B/C ratios of the wind energy technology alternatives.

E70 2.3MW wind
turbine ˆ 13 units

E82 3MW wind
turbine ˆ 10 units

V112 3.3MW wind
turbine ˆ 9 units

NPW, $ 15,852,372 11,424,879 23,238,262
B/C 1.224332 1.167969 1.29431

Table 7 selects the best alternative based on incremental B/C ratio analysis. V112 3.3MW is the
best alternative since ∆B{∆ C ratio between V112 and E70 is larger than 1.0.

Table 7. Incremental B/C ratio analysis.

∆B{∆C Decision

E70 vs. E82 2.6726363 Select E70
V112 vs. E70 1.8906222 Select V112

5.2. Intuitionistic Fuzzy Solution

Although the parameters in Section 5.1 are given by single values, these values can not be known
with certainty in reality. For instance, the annual operating and maintenance cost for E70 2.3MW wind
turbine between 2016 and 2020 is projected as 3,411,993, even though it can not be forecasted so sharply.
Because of the uncertainty of the future, this cost should be defined by an interval. To receive their
evaluations under uncertainty and hesitancy, three experts were employed. The experts whose weights
are 0.4, 0.4, and 0.2 assigned the intuitionistic fuzzy sets to the investment parameters as follows:

The forecasts for initial investment costs and aggregated IVIFS are presented in Table 8.

Table 8. Aggregated IVIF initial investment costs.

Possible initial
investment costs

IVIFS assigned by
three experts Aggregated IVIFS

E70 2.3MW $28,000,000 ([0.6, 0.9], [0.0, 0.1]), ([0.6, 0.7],
[0.1, 0.3]), ([0.5, 0.8], [0.1, 0.2]) ([0.5817, 0.8217], [0.0000, 0.1783])

$30,000,000 ([0.5, 0.7],[0.1, 0.2]), ([0.7, 0.8],
[0.0, 0.2]), ([0.6, 0.8], [0.0, 0.1]), ([0.6102, 0.7648], [0.0000, 0.1741])

$32,000,000 ([0.7, 0.9], [0.0, 0.1]), ([0.5, 0.8],
[0.0, 0.1]), ([0.6, 0.8],[0.0, 0.1]) ([0.6102, 0.8484], [0.0000, 0.1000])

E82 3MW $27,000,000 ([0.7, 0.9], [0.0, 0.1]), ([0.6, 0.8],
[0.0, 0.2]), ([0.7, 0.8], [0.1, 0.2]) ([0.6634, 0.8484], [0.0000, 0.1516])

$29,000,000 ([0.7, 0.8],[0.0, 0.1]), ([0.7, 0.8],
[0.1, 0.2]), ([0.6, 0.8], [0.1, 0.2]) ([0.6822, 0.8000], [0.0000, 0.1516])

$31,000,000 ([0.6, 0.7], [0.2, 0.3]), ([0.6, 0.8],
[0.0, 0.1]), ([0.6, 0.9], [0.0, 0.1]) ([0.6000, 0.7952], [0.0000, 0.1552])

V112 3.3MW $35,000,000 ([0.5, 0.7], [0.0, 0.3]), ([0.5, 0.7],
[0.1, 0.2]), ([0.5, 0.7],[0.1, 0.3]) ([0.5000, 0.7000], [0.0000, 0.2551])

$36,000,000 ([0.7, 0.8], [0.0, 0.1]), ([0.6, 0.9],
[0.0, 0.2]), ([0.6, 0.8], [0.1, 0.2]) ([0.6435, 0.8484], [0.0000, 0.1516])

$37,000,000 ([0.5, 0.7], [0.2, 0.3]), ([0.7, 0.9],
[0.0, 0.1]), ([0.6, 0.9], [0.0, 0.1]) ([0.6102, 0.8448], [0.0000, 0.1552])

Table 9 shows the IVIF annual operating and maintenance costs of the wind energy
technology alternatives.
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Table 9. Annual operating and maintenance costs, $.

Years E70 2.3MW wind
turbine ˆ 13 units

E82 3MW wind
turbine ˆ 10 units

V112 3.3MW wind
turbine ˆ 9 units

2016–2020

3,300,000
([0.7, 0.9], [0.0, 0.1]);
([0.6, 0.8], [0.1, 0.2]);
([0.7, 0.8], [0.1, 0.2])

2,900,000
([0.7, 0.8], [0.0, 0.2]);
([0.5, 0.9], [0.0, 0.1]);
([0.5, 0.8], [0.1, 0.2])

3,400,000
([0.6, 0.8], [0.0, 0.1]) ;
([0.6, 0.9], [0.0, 0.1]);
([0.7, 0.8], [0.1, 0.2])

3,400,000
([0.7, 0.8], [0.0, 0.1]);
([0.7, 0.8], [0.1, 0.2]);
([0.6, 0.8], [0.1, 0.2])

3,000,000
([0.6, 0.9], [0.0, 0.1]);
([0.6, 0.7], [0.0, 0.2]);
([0.6, 0.8], [0.0, 0.1])

3,500,000
([0.6, 0.7], [0.0, 0.2]) ;
([0.5, 0.8], [0.1, 0.2]);
([0.6, 0.8], [0.0, 0.2])

3,500,000
([0.7, 0.9], [0.0, 0.1]);
([0.6, 0.7], [0.1, 0.2]);
([0.6, 0.8], [0.0, 0.1])

3,100,000
([0.6, 0.7], [0.0, 0.2]) ;
([0.5, 0.8], [0.1, 0.2]);
([0.6, 0.8], [0.0, 0.2])

3,600,000
([0.7, 0.8], [0.0, 0.1]);
([0.7, 0.8], [0.1, 0.2]);
([0.6, 0.8], [0.1, 0.2])

2021–2025

3,500,000
([0.6, 0.8], [0.1, 0.2]);
([0.7, 0.8], [0.0, 0.1]);
([0.6, 0.9], [0.0, 0.1])

3,000,000
([0.6, 0.8], [0.1, 0.2]);
([0.6, 0.7], [0.0, 0.3]);
([0.5, 0.6], [0.2, 0.3])

3,900,000
([0.5, 0.6], [0.0, 0.3]);
([0.7, 0.9], [0.0, 0.1]);
([0.6, 0.8], [0.0, 0.2])

3,600,000
([0.7, 0.8], [0.0, 0.2]);
([0.6, 0.7], [0.1, 0.3]);
([0.5, 0.7], [0.2, 0.3])

3,100,000
([0.6, 0.7], [0.1, 0.2]);
([0.7, 0.9], [0.0, 0.1]);
([0.6, 0.7], [0.0, 0.1])

4,000,000
([0.7, 0.8], [0.1, 0.2]);
([0.7, 0.8], [0.0, 0.2]);
([0.7, 0.9], [0.0, 0.1])

3,700,000
([0.6, 0.8], [0.0, 0.1]);
([0.5, 0.7], [0.0, 0.1]);
([0.5, 0.8], [0.0, 0.1])

3,200,000
([0.6, 0.9], [0.0, 0.1]);
([0.6, 0.8], [0.0, 0.2]);
([0.5, 0.8], [0.1, 0.2])

4,100,000
([0.6, 0.9], [0.0, 0.1]);
([0.7, 0.8], [0.0, 0.1]);
([0.7, 0.9], [0.0, 0.1])

2026–2035

3,900,000
([0.6, 0.8], [0.0, 0.1]);
([0.7, 0.8], [0.0, 0.2]);
([0.5, 0.8], [0.0, 0.2])

3,500,000
([0.7, 0.8], [0.0, 0.2]);
([0.5, 0.8], [0.0, 0.1]);
([0.5, 0.9], [0.0, 0.1])

3,500,000
([0.8, 0.9], [0.0, 0.1]);
([0.7, 0.8], [0.0, 0.2]);
([0.6, 0.9], [0.0, 0.1])

4,000,000
([0.7, 0.8], [0.1, 0.2]);
([0.5, 0.8], [0.0, 0.2]);
([0.6, 0.8], [0.0, 0.1])

3,600,000
([0.7, 0.8], [0.0, 0.1]);
([0.7, 0.8], [0.1, 0.2]);
([0.6, 0.8], [0.0, 0.2])

4,000,000
([0.5, 0.8], [0.0, 0.1]);
([0.6, 0.8], [0.0, 0.1]);
([0.7, 0.8], [0.0, 0.1])

4,100,000
([0.7, 0.8], [0.0, 0.1]);
([0.5, 0.6], [0.0, 0.3]);
([0.5, 0.8], [0.0, 0.1])

3,700,000
([0.5, 0.8], [0.0, 0.2]);
([0.6, 0.8], [0.0, 0.2]);
([0.5, 0.7], [0.0, 0.2])

4,500,000
([0.7, 0.8], [0.0, 0.1]);
([0.6, 0.8], [0.0, 0.2]);
([0.5, 0.7], [0.0, 0.1])

Table 10 presents the aggregated IVIF annual operating and maintenance costs.

Table 10. Aggregated IVIF annual operating and maintenance costs.

Years E70 2.3MW wind
turbine ˆ 13 units

E82 3MW wind
turbine ˆ 10 units

V112 3.3MW wind
turbine ˆ 9 units

2016–2020

3,300,000 ([0.6634, 0.8484],
[0.0000, 0.1516]) 2,900,000 ([0.5924, 0.8484],

[0.0000, 0,1596]) 3,400,000 ([0.6224, 0.8484],
[0.0000, 0.1149])

3,400,000 ([0.6822, 0.8000],
[0.0000, 0.1516]) 3,000,000 ([0.6000, 0.8217],

[0.0000, 0.1320]) 3,500,000 ([0.5627, 0.7648],
[0.0000, 0.2000])

3,500,000 ([0.6435, 0.8217],
[0.0000, 0.1516]) 3,100,000 ([0.5627, 0.7648],

[0.0000, 0.2000]) 3,600,000 ([0.6822, 0.8000],
[0.0000, 0.1516])

2021–2025

3,500,000 ([0.6435, 0.8259],
[0.0000, 0.1320]) 3,000,000 ([0.5817, 0.7298],

[0.0000, 0.2000]) 3,900,000 ([0.6822, 0.8000],
[0.0000, 0.1516])

3,600,000 ([0.7788, 07449],
[0.0000, 0.2551]) 3,100,000 ([0.6435, 0.8067],

[0.0000, 0.1320]) 4,000,000 ([0.7000, 0.8259],
[0.0000, 0.1741])

3,700,000 ([0.5427, 0.7648],
[0.0000, 0.1000]) 3,200,000 ([0.5817, 0.8484],

[0.0000, 0.1516]) 4,100,000 ([0.6634, 0.8680],
[0.0000, 0.1000])

2026–2035

3,900,000 ([0.6272, 0.8000],
[0.0000, 0.1516]) 3,500,000 ([0.5924, 0.8259],

[0.0000, 0.1320]) 3,500,000 ([0.7298, 0.8680],
[0.0000, 0.1320])

4,000,000 ([0.6102, 0.8000],
[0.0000, 0.1741]) 3,600,000 ([0.6282, 0.8000],

[0.0000, 0.5116]) 4,000,000 ([0.5871, 0.8000],
[0.0000, 0.1000])

4,100,000 ([0.5924, 0.7361],
[0.0000, 0.1552]) 3,700,000 ([0.5427, 0.7831],

[0.0000, 0.2000]) 4,500,000 ([0.6272, 0.7831],
[0.0000, 0.1320])
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Table 11 shows the IVIF net annual incomes of the three wind energy alternatives and their
aggregated IVIF values. The feed-in tariff is still crisp since it is informed by the government when
you decide to invest.

Table 11. IVIF net annual incomes, $.

Years E70 2.3MW wind
turbine ˆ 13 units

Aggregated
IVIFS

E82 3MW wind
turbine ˆ 10 units

Aggregated
IVIFS

V112 3.3MW wind
turbine ˆ 9 units

Aggregated
IVIFS

2016–2020

8,500,000

([0.7, 0.9],
[0.0, 0.1]);
([0.6, 0.8],
[0.1, 0.2]);
([0.7, 0.8],
[0.1, 0.2])

([0.6634,
0.8484],
[0.0000,
0.1516])

8,000,000

([0.7, 0.8],
[0.0, 0.2]);
([0.5, 0.9],
[0.0, 0.1]);
([0.5, 0.8],
[0.1, 0.2])

([0.5924,
0.8484],
[0.0000,
0.1516])

10,000,000

([0.6, 0.8],
[0.0, 0.1]) ;
([0.6, 0.9],
[0.0, 0.1]);
([0.7, 0.8],
[0.1, 0.2])

([0.6224,
0.8484],
[0.0000,
0.1149])

9,000,000

([0.7, 0.8],
[0.0, 0.1]);
([0.7, 0.8],
[0.1, 0.2]);
([0.6, 0.8],
[0.1, 0.2])

([0.6822,
0.8000],
[0.0000,
0.1516])

8,250,000

([0.6, 0.9],
[0.0, 0.1]);
([0.6, 0.7],
[0.0, 0.2]);
([0.6, 0.8],
[0.0, 0.1])

([0.6000,
0.8217],
[0.0000,
0.1320])

10,500,000

([0.6, 0.7],
[0.0, 0.2]) ;
([0.5, 0.8],
[0.1, 0.2]);
([0.6, 0.8],
[0.0, 0.2])

([0.5627,
0.7648],
[0.0000,
0.2000])

9,500,000

([0.7, 0.9],
[0.0, 0.1]);
([0.6, 0.7],
[0.1, 0.2]);
([0.6, 0.8],
[0.0, 0.1])

([0.6435,
0.8217],
[0.0000,
0.1320])

8,500,000

([0.6, 0.7],
[0.0, 0.2]) ;
([0.5, 0.8],
[0.1, 0.2]);
([0.6, 0.8],
[0.0, 0.2])

([0.5627,
0.7648],
[0.0000,
0.2000])

11,000,000

([0.7, 0.8],
[0.0, 0.1]);
([0.7, 0.8],
[0.1, 0.2]);
([0.6, 0.8],
[0.1, 0.2])

([0.6822,
0.8000],
[0.0000,
0.1516])

2021–2025

7,500,000

([0.6, 0.8],
[0.1, 0.2]);
([0.7, 0.8],
[0.0, 0.1]);
([0.6, 0.9],
[0.0, 0.1])

([0.6435,
0.8259],
[0.0000,
0.2551])

7,000,000

([0.6, 0.8],
[0.1, 0.2]);
([0.6, 0.7],
[0.0, 0.3]);
([0.5, 0.6],
[0.2, 0.3])

([0.6435,
0.7298],
[0.0000,
0.2551])

9,000,000

([0.5, 0.6],
[0.0, 0.3]);
([0.7, 0.9],
[0.0, 0.1]);
([0.6, 0.8],
[0.0, 0.2])

([0.6102,
0.8000],
[0.0000,
0.1783])

8,000,000

([0.7, 0.8],
[0.0, 0.2]);
([0.6, 0.7],
[0.1, 0.3]);
([0.5, 0.7],
[0.2, 0.3])

([0.6272,
0.7449],
[0.0000,
0.2551])

7,500,000

([0.6, 0.7],
[0.1, 0.2]);
([0.7, 0.9],
[0.0, 0.1]);
([0.6, 0.7],
[0.0, 0.1])

([0.6435,
0.8067],
[0.0000,
0.1320])

9,500,000

([0.7, 0.8],
[0.1, 0.2]);
([0.7, 0.8],
[0.0, 0.2]);
([0.7, 0.9],
[0.0, 0.1])

([0.7000,
0.8259],
[0.0000,
0.1741])

8,500,000

([0.6, 0.8],
[0.0, 0.1]);
([0.5, 0.7],
[0.0, 0.1]);
([0.5, 0.8],
[0.0, 0.1])

([0.5427,
0.7648],
[0.0000,
0.1000])

8,000,000

([0.6, 0.9],
[0.0, 0.1]);
([0.6, 0.8],
[0.0, 0.2]);
([0.5, 0.8],
[0.1, 0.2])

([0.5817,
0.8484],
[0.0000,
0.1516])

10,000,000

([0.6, 0.9],
[0.0, 0.1]);
([0.7, 0.8],
[0.0, 0.1]);
([0.7, 0.9],
[0.0, 0.1])

([0.6634,
0.8680],
[0.0000,
0.1000])

2026–2035

7,500,000

([0.6, 0.8],
[0.0, 0.1]);
([0.7, 0.8],
[0.0, 0.2]);
([0.5, 0.8],
[0.0, 0.2])

([0.6272,
0.7648],
[0.0000,
0.1000])

7,000,000

([0.7, 0.8],
[0.0, 0.2]);
([0.5, 0.8],
[0.0, 0.1]);
([0.5, 0.9],
[0.0, 0.1])

([0.5817,
0.8484],
[0.0000,
0.1516])

9,000,000

([0.8, 0.9],
[0.0, 0.1]);
([0.7, 0.8],
[0.0, 0.2]);
([0.6, 0.9],
[0.0, 0.1])

([0.6634,
0.8680],
[0.0000,
0.1320])

8,000,000

([0.7, 0.8],
[0.1, 0.2]);
([0.5, 0.8],
[0.0, 0.2]);
([0.6, 0.8],
[0.0, 0.1])

([0.6102,
0.8000],
[0.0000,
0.1741])

7,500,000

([0.7, 0.8],
[0.0, 0.1]);
([0.7, 0.8],
[0.1, 0.2]);
([0.6, 0.8],
[0.0, 0.2])

([0.6822,
0.8000],
[0.0000,
0.1516])

9,500,000

([0.5, 0.8],
[0.0, 0.1]);
([0.6, 0.8],
[0.0, 0.1]);
([0.7, 0.8],
[0.0, 0.1])

([0.5871,
0.8000],
[0.0000,
0.1000])

8,500,000

([0.7, 0.8],
[0.0, 0.1]);
([0.5, 0.6],
[0.0, 0.3]);
([0.5, 0.8],
[0.0, 0.1])

([0.6634,
0.8484],
[0.0000,
0.1516])

8,000,000

([0.5, 0.8],
[0.0, 0.2]);
([0.6, 0.8],
[0.0, 0.2]);
([0.5, 0.7],
[0.0, 0.2])

([0.5427,
0.7831],
[0.0000,
0.2000])

10,000,000

([0.7, 0.8],
[0.0, 0.1]);
([0.6, 0.8],
[0.0, 0.2]);
([0.5, 0.7],
[0.0, 0.1])

([0.6272,
0.7831],
[0.0000,
0.1320])

Table 12 presents the aggregated IVIF MARR values. The IVIF B/C and ∆B{∆ C ratios will be
calculated based on the IVIF MARR.
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Table 12. Aggregated and defuzzified IVIF MARR.

Possible MARRs Membership intervals Aggregated

7.0% ([0.5, 0.6], [0.2, 0.4]), ([0.6, 0.7], [0.2, 0.3]), ([0.5, 0.6], [0.2, 0.3]) ([0.5427, 0.6435], [0.2, 0.3366])
7.5% ([0.7, 0.9], [0.0, 0.1]), ([0.8, 0.9], [0.0, 0.1]), ([0.7, 0.8], [0.0, 0.2]) ([0.7449, 0.8851], [0, 0.1149])
8.0% ([0.6, 0.7], [0.2, 0.3]), ([0.7, 0.8], [0.0, 0.2]), ([0.6, 0.7], [0.1, 0.2]) ([0.6435, 0.7449], [0, 0.2352])

For 7%, the IVIF sets assigned by three experts are aggregated as follows:

pr1´ p1´ 0.5q0.4 ˆ p1´ 0.6q0.4 ˆ p1´ 0.5q0.2, 1´ p1´ 0.6q0.4 ˆ p1´ 0.7q0.4 ˆ p1´ 0.6q0.2s,
r0.20.4 ˆ 0.20.4 ˆ 0.20.2, 0.40.4 ˆ 0.30.4 ˆ 0.30.2sq “ pr0.5427, 0.6435s, r0.2, 0.3366sq

We now apply the arithmetic operations given in Section 3.1. The following calculations are
realized for E70, E82, and V112, respectively:

For E70:
Using the arithmetic operations of IVIFS given by Equation (4)–(10), the B/C ratio is calculated

as follows:
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൬
ܤ
ܥ
൰
ா଻଴

ൌ
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ܲ
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ܲ
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ቀ
ܲ
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ܲ
ܣ ,൏ 7.5%, ; ሺሾ0.6535, 0.7814ሿ, ሾ0, 0.2087ሿሻ ൐, 5ቁ ൈ

ቀ
ܲ
ܨ ,൏ 7.5%, ; ሺሾ0.6535, 0.7814ሿ, ሾ0, 0.2087ሿሻ ൐, 5ቁ ൅
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ൌ
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ൌ ሺሾ0.6634 ൈ 0.6535,0.8245 ൈ 0.7814ሿ, ሾ0, 0.1448 ൅ 0.2087 െ 0.1448 ൈ 0.2087ሿሻ

ൌ ሺሾ0.4335,0.6443ሿ, ሾ0,0.3233ሿሻቁ ൐ 
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ܤ
ܥ
൰
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Using Equation  (14),  the defuzzified value of  IVIF B/C  is  calculated as 0.7838. The  certainty 

value of NPW for E82 is calculated as $13,818,048. 
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൬
ܤ
ܥ
൰
௏ଵଵଶ

ൌ
൏ 100,893,553; ሺሾ0.6891, 0.9097ሿ, ሾ0, 0.0687ሿሻ ൐
൏ 74,755,022; ሺሾ0.5989, 0.8373ሿ, ሾ0, 0.1356ሿሻ ൐

ൌ൏ 1.350; ሺሾ0.5989, 0.8373ሿ, ሾ0, 0.1356ሿሻ ൐   

NPW can be easily calculated from the equation above by subtracting PWC from PWB such that 

In order to clarify the operations, the first term in the numerator and the final result in the above
calculation, as an example, is obtained as follows:

x

´

9, 000, 000
´ P

A
, 7.5%, 5

¯

“ 36, 412, 964
¯

;
´

pr0.6634, 0.8245s , r0, 0.1448sq ˆ pr0.6535, 0.7814s , r0, 0.2087sq

“ pr0.6634ˆ 0.6535, 0.8245ˆ 0.7814s , r0, 0.1448` 0.2087´ 0.1448ˆ 0.2087sq

“ pr0.4335, 0.6443s , r0, 0.3233sq
¯

y

The final result is obtained as follows:

x

ˆ

85, 601, 816
67, 223, 156

“ 1.2734
˙

; pprmin p0.6897, 0.8806q , min p0.9013, 0.9820qs , rmax p0, 0q , max p0.0731, 0.0106qsq ą“ pr0.6897, 0.9013s , r0, 0.0731sqqy

NPW can be easily calculated from the equation above by subtracting PWC from PWB such that

NPW “ x 85, 601, 816; pr0.6897, 0.9013s , r0, 0.0731sqy ´ x67, 223, 156; pr0.8806, 0.9820s , r0, 0.0106sqy

“ x18, 378, 660; pr0.6897, 0.9013s , r0, 0.0731sqy

Using Equation (14), the defuzzified value of IVIFS is calculated as 0.7942. The certainty value of
NPW for E70 is calculated as $14,596,331.



Sustainability 2016, 8, 118 15 of 18

For E82, the similar operations are applied, and the following result is finally obtained:

ˆ

B
C

˙

E82
“
x79, 493, 099; pr0.6644, 0.9064s , r0, 0.0770sqy
x61, 863, 540; pr0.8806, 0.9820s , r0, 0.0106sqy

“ x1.285; pr0.6644, 0.9064s , r0, 0.0770sqy

NPW can be easily calculated from the equation above by subtracting PWC from PWB such that

NPW “ x 79, 493, 099; pr0.6644, 0.9064s , r0, 0.0770sqy ´ x61, 863, 540; pr0.8806, 0.9820s , r0, 0.0106sqy

“ x17, 629, 559; pr0.6644, 0.9064s, r0, 0.0770sqy

Using Equation (14), the defuzzified value of IVIF B/C is calculated as 0.7838. The certainty value
of NPW for E82 is calculated as $13,818,048.

For V112, the similar operations are applied and finally the following result is obtained:

ˆ

B
C

˙

V112
“
x100, 893, 553; pr0.6891, 0.9097s , r0, 0.0687sqy
x74, 755, 022; pr0.5989, 0.8373s , r0, 0.1356sqy

“ x1.350; pr0.5989, 0.8373s , r0, 0.1356sqy

NPW can be easily calculated from the equation above by subtracting PWC from PWB such that

NPW “ x100, 893, 553; pr0.6891, 0.9097s , r0, 0.0687sqy ´ x74, 755, 022; pr0.5989, 0.8373s , r0, 0.1356sqy

“ x26, 138, 531; pr0.5989, 0.8373s , r0, 0.1356sqy

Using Equation (14), the defuzzified value of IVIF B/C ratio is calculated as 0.7181. The certainty
value of NPW for V112 is calculated as $18,770,079.

Table 13 summarizes the B/C ratios and NPWs of the alternatives.

Table 13. B/C ratios and NPWs.

Alternatives B/C ratios NPWs

E70 x1.2734; pr0.6897, 0.9013s , r0, 0.0731sqy x18, 378, 660; pr0.6897, 0.9013s , r0, 0.0731sqy

E82 x1.285; pr0.6644, 0.9064s , r0, 0.0770sqy x17, 629, 559; pr0.6644, 0.9064s, r0, 0.0770sqy

V112 x1.350; pr0.5989, 0.8373s , r0, 0.1356sqy x26, 138, 531; pr0.5989, 0.8373s , r0, 0.1356sqy

Based on NPW analysis, V112 should be selected, since the largest NPW belongs to it. However,
B/C analysis requires an incremental analysis when the B/C ratios of alternatives are larger than 1.0.

In our case, all the B/C ratios are larger than 1.0. Hence, an incremental analysis should be made.
For the incremental investment E70-E82, the following calculation is realized.
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൬
ܤ∆
ܥ∆

൰
ா଻଴ିா଼ଶ

ൌ

൏ 750,000; ሺሾ0.5853, 0.8147ሿ, ሾ0, 0.1588ሿሻ ൐ൈ ቀ
ܲ
ܣ ,൏ 7.5%, ; ሺሾ0.6535, 0.7814ሿ, ሾ0, 0.2087ሿሻ ൐, 5ቁ ൅

൏ 500,000; ሺሾ0.6068, 0.7814ሿ, ሾ0, 0.1867ሿሻ ൐ൈ	ቀ
ܲ
ܣ ,൏ 7.5%, ; ሺሾ0.6535, 0.7814ሿ, ሾ0, 0.2087ሿሻ ൐, 5ቁ ൈ

ቀ
ܲ
ܨ ,൏ 7.5%, ; ሺሾ0.6535, 0.7814ሿ, ሾ0, 0.2087ሿሻ ൐, 5ቁ ൅

൏ 500,000; ሺሾ0.6068, 0.7685ሿ, ሾ0, 0.1663ሿሻ ൐ൈ ቀ
ܲ
ܣ ,൏ 7.5%, ; ሺሾ0.6535, 0.7814ሿ, ሾ0, 0.2087ሿሻ ൐ ,10ቁ	ൈ

ቀ
ܲ
ܨ ,൏ 7.5%, ; ሺሾ0.6535, 0.7814ሿ, ሾ0, 0.2087ሿሻ ൐ ,10ቁ

൏ 1,000,000; ሺሾ0.5853, 0.8147ሿ, ሾ0, 0.1615ሿሻ ൐ ൅൏ 400,000; ሺሾ0.6634, 0.8245ሿ, ሾ0, 0.1516ሿሻ ൐ൈ ቀ
ܲ
ܣ ,൏ 7.5%, ; ሺሾ0.6535, 0.7814ሿ, ሾ0, 0.2087ሿሻ ൐, 5ቁ ൅

൏ 500,000; ሺሾ0.6034, 0.7814ሿ, ሾ0, 0.1588ሿሻ ൐ൈ	ቀ
ܲ
ܣ ,൏ 7.5%, ; ሺሾ0.6535, 0.7814ሿ, ሾ0, 0.2087ሿሻ ൐, 5ቁ ൈ

ቀ
ܲ
ܨ ,൏ 7.5%, ; ሺሾ0.6535, 0.7814ሿ, ሾ0, 0.2087ሿሻ ൐, 5ቁ ൅
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Using Equation (14), the defuzzified value of IVIFS is calculated as 0.7790. The certainty value of
∆NPW for the increment of “E70 – E82” is calculated as p6, 108, 717´ 5, 359, 616q ˆ 0.7790 “$583,550.
Thus, E70 is the selected alternative.

For the incremental investment V112-E70, the similar operations are applied and finally the
following result is obtained:

ˆ

∆B
∆C

˙

V112´E70
“
x15, 291, 737; pr0.6762, 0.8976s , r0, 0.0744sqy
x7, 531, 867; pr0.8717, 0, 9806s , r0, 0.0132sqy

“ x2.030; pr0.6762, 0.8976s , r0, 0.0744sqy

Using Equation (14), the defuzzified value of IVIFS is calculated as 0.7861. The certainty
value of ∆NPW for the increment of “V112 – E70” is calculated as $6,100,034. Finally, V112 is the
selected alternative.

Both the classical B/C analysis and IVIF B/C analysis yielded the same ranking in this real case
study. However, since the IVIF B/C analysis involves parameters defined in a more informative and
more flexible way, the results from both approaches can be clearly different.

6. Conclusions and Future Research Directions

Environmental sustainability can be provided by making responsible decisions to reduce the
negative impacts of these decisions on the environment. It involves both reducing the amount of waste
produced or using less energy and developing processes for becoming completely sustainable in the
future. Sustainable energy technologies involve renewable energy sources, such as hydroelectricity,
solar energy, wind energy, wave power, geothermal energy, bioenergy, and also technologies designed
to improve energy efficiency. Wind energy investments as a sustainability project should certainly
be based on an economic analysis before making the final decision since more savings support new
sustainability projects. Although wind energy investments have been increasing in the last decade,
they have not reached their potential due to the falls in fossil fuel prices, uncertainties in the production
levels and relatively high initial investment costs of wind energy investments. A comprehensive and
flexible representation of investment parameters will clearly increase the sensitivity of the analysis,
and more realistic results can be obtained. In this paper, our objective is to provide this kind of
economic analysis for wind energy investments that provides environmental sustainability.

We realized the economic analysis of the wind energy technologies based on B/C ratio analysis
under fuzziness. Interval-valued intuitionistic fuzzy sets have been used for the B/C ratio comparison
among wind energy technologies. IVIF incremental B/C ratio analysis has been developed. We also
developed IVIF B/C ratio analysis for the alternatives having different lives. The numerical application
showed that the IVIF B/C ratio analysis requires complex calculations with respect to the classical
B/C ratio analysis. However, the decision makers can better express their forecasts related to the cash
flows of wind energy projects under uncertainty by using fuzzy sets. Intuitionistic fuzzy sets enable
decision makers to express their judgments with more details, including their hesitancy. The developed
method lets more than one possible value of investment parameters and multiple decision makers
be considered in the analysis. Additionally, the membership and non-membership degrees of these
parameters can be defined by the decision makers based on their experiences and expectations. Thus,
a flexible and more informative approach is provided.

For further research, the cash flow forecasts can be comparatively made by developing hesitant
fuzzy B/C ratio analysis or type-2 fuzzy B/C ratio analysis. The same wind energy technologies can
be compared by these new B/C ratio analyses.
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