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Article

Fusion of interval-valued
neutrosophic sets and
financial assessment for
optimal renewable energy
portfolios with uncertainties

Tuyet Thi Anh Nguyen1,2 and
Shuo-Yan Chou1,2

Abstract

Renewable energy has been actively researched and developed in many countries to replace the

conventional energy resources that come from fossil fuels. As social and environmental awareness

of the renewable energy has grown, it is essential to address both quantitative factors and qual-

itative factors in determination of the optimal renewable energy portfolio. This paper proposes a

novel approach to integrate a financial model and a fuzzy model to analyze both quantitative and

qualitative factors. The financial model is utilized to calculate the quantitative factors, thereby

assisting experts make judgments more accurately in the fuzzy model. The fuzzy model is utilized

to evaluate the qualitative factors based on the expert judgements. Moreover, this paper proposes

multi-segment judgment model that analyzes the evaluation of different groups, including govern-

ment, investor and user groups. The results show that each group has different priority order. For

example, the highest-priority factor of Government, Investor and User is environmental (with a

score of 0.665), economic (with a score of 0.854), and technological criteria (with a score of 0.771),

respectively. The results also indicated that small-scale onshore wind energy, large-scale onshore

wind energy and solar energy is the best option for Government, Investor and User, respectively.
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Introduction

One of the biggest challenges of planning energy portfolio is a guarantee of energy demand

and resolving environmental problems such as greenhouse gas emissions. Electricity gener-

ation from conventional energy resources accounted for 65% of worldwide gross electricity

production. However, conventional energy resources have the highest carbon dioxide emis-

sions per kW of generated electricity as well as high levels of other pollutants.1 Moreover,

the environmental and social problems cannot be solved completely with conventional

energy resources. Renewable energy resources (also known as nonconventional energy

resources) have several advantages, such as reduced dependence on fossil fuel resources

and in greenhouse gas emissions to the atmosphere. Therefore, renewable energy resources

are considered as the best solution for resolving the above problems. In addition, because

awareness of human-induced climate change has grown rapidly, exploiting renewable energy

resources has become inevitable. Although the future of renewable energy appears promis-

ing with rapid technological development, several key barriers, such as financial risks and

intermittency of renewable energy sources, hinder its development.2 To address the rapidly

growing energy demands and environmental protection challenges, developing a methodol-

ogy to assist decision-makers in determining an optimal renewable energy portfolio under

uncertain conditions and in unpredictable environments is critical.

Literature review

To improve the effectiveness of renewable energy portfolio selection, many studies have

focused on developing energy models to explore the relationship between energy and

economics.3–5 For example, Chung et al.6 proposed an approach to evaluate the economic

feasibility of renewable energy investment and optimize renewable energy system design in

microgrid, off-grid, and on-grid cases. The results demonstrated that integrating multiple

energy system sources can effectively increase energy system sustainability. Simon et al.7

developed a decision support model based on opportunity cost analysis between repower-

ing a current wind farm and using the latest technologies. The results revealed that the

repowering alternative is significantly attractive and has a positive effect on the environ-

ment and economy. Ocon and Bertheau8 developed a model to evaluate the energy tran-

sition from a conventional energy system to a renewable energy system and its

technological–economic feasibility for developing sustainable energy systems. Jongh et

al.9 proposed an approach to identify barriers to renewable energy investment from the

investors’ perspective. The paper revealed a significant effect of government policy on

investor decision-making. Other studies have also developed models to evaluate the

effect of government policy on renewable energy investment.10–16 In general, many studies

propose single-criterion decision-making (SCDM) approaches that focus on evaluation of

one particular aspect while assuming that the other aspects do not change. For example,

some studies only focus on the technical aspect,17–20 economic aspect,21–33 or the govern-

ment subsidies aspect.13,34,35 The SCDM approaches usually rely on data provided by

manufacturers and theoretical assumptions regarding weather conditions and other uncer-

tain parameters. However, assumptions based on theoretical data are typically incorrect

and deviate drastically from practical values. As a result, the evaluations based on theo-

retical assumptions are usually considered as inaccurate and unreliable evaluations for a

real life renewably energy projects. Moreover, the SCDM approaches mainly aim to either

2 Energy & Environment 0(0)



maximize or minimize a particular aspect. The SCDM approaches typically fail to address

the qualitative factors that reflect environmental and social problems and awareness of

human-induced climate change. Therefore, as complexity and multiplicity increase in

renewable energy portfolio selection, making a decision based on a single criterion is

insufficient. To solve such complex problems concerning energy planning, a multiple cri-

terion decision-making (MCDM) approach is among the most accurate for renewable

energy portfolio selection.
Some studies propose a multiple criterion decision-making (MCDM) approach that eval-

uate renewable energy portfolio with more than one aspects. Yasir et al.36 integrated Delpi-

AHP and fuzzy Topsis approach to rank the renewable energy plants in Pakistan. Their

results revealed wind energy is the most feasible renewable energy resource, followed by

hydropower, solar, and biomass energy. Yazdani et al.37 integrated Shannon Entropy and

EDAS model to rank renewable energy sources. The ranking results revealed wind power is

the best alternative, followed by solar energy. Sengul et al.38 utilized the fuzzy Topsis

method for the selection of renewable energy systems. Their result showed that hydro

power is the most preferred renewable energy system in Turkey. Sitorus and Parada39 inte-

grated constrained Fuzzy Shannon Entropy method to obtain criteria weight of renewable

energy technologies under uncertain input data. Razi and Ali40 selected the renewable

energy sources by employing fuzzy Vikor and Topsis methods. The results showed that

the solar energy is the best option. Troldborg et al.41 evaluated some criteria such as tech-

nology maturity, GHG emissions and area requirements to assess the renewable energy

sustainability technologies. They concluded that it is important for future studies to address

the uncertain of ranking results due to the uncertain input information. Kuleli et al.42

evaluate the social acceptance and environmental impacts to assess the development of

renewable energy. Their results showed that the hydro power is the best alternative, followed

by wind power. However, the ranking results may change according to criteria weights. Lee

and Chang,43 Kumar et al.,44 Abbas et al.45 and Meng et al.46 reviewed studies using

MCDM methods for evaluating energy options. They found that different energy sources

emphasis different criteria, however, some the most common selection method is based on

the literature surveys and expert opinions. In general, various MCDM approaches (such as

AHP, Promethee, Electre, Vikor, TOPSIS, and goal programming) have been applied to

solve problems related to energy portfolios. Numerous criteria (such as social, economic,

technical, and political issues, as well as environmental protection and resource conserva-

tion) are addressed in the literatures. However, the literatures merely use the subjective

judgments of experts through surveys as qualitative factors. Because subjective expert judg-

ments may conflict and differ widely from each other, a decision-making process based on

expert judgments may be inaccurate and unreliable. In brief, the MCDM approach in lit-

erature studies has mainly assessed economic, technological, social, ecological, and environ-

mental constraints based on qualitative factors. However, qualitative factors cannot reflect

the influence of quantitative factors on renewable energy portfolio selection. Moreover, the

models developed in the studies aim to help governments evaluate energy-sector plans and

policies. However, energy policy feasibility depends on the decision-making of investors and

users. Investors and users typically evaluate energy resources differently than governments

do. Therefore, evaluating energy portfolios with different segments of decision-makers is

necessary. To the best of our knowledge, no study has considered multi-segment judgment

for renewable energy portfolio selection.

Nguyen and Chou 3



Objective and novelty

This paper attempts to resolve the deficiencies of the SCDM and MCDM approaches in the
literatures by integrating a financial model and a fuzzy model (interval-valued neutrosophic
set [NS]) to analyze both quantitative and qualitative factors for evaluating renewable
energy portfolios. The financial model is designed to calculate the quantitative factors,
thereby assisting the experts to make judgments more accurately. The fuzzy model is

designed to reflect the influence of qualitative factors that cannot be calculated by the
financial model. Therefore, the fuzzy model compensates for the deficiencies of the financial
model, and the financial model compensates for those of the fuzzy model. The novel inte-
gration of the fuzzy and financial models provides a comprehensive model that solves the
issues in the existing SCDM and MCDM approaches in determination of optimal renewable
energy portfolio.

In addition, this paper applies a novel multi-segment judgment model that analyzes the
decisions of several groups (government, investor, and user groups) to provide a compre-
hensive view of the renewable energy portfolio. Energy policy feasibility depends on the
decision-making of investors and users. Investors and users typically evaluate energy resour-
ces differently than governments do. Therefore, evaluating energy portfolios with different
segments of decision-makers is necessary. Because the decision of one group may influence
that of the others, the comprehensive view may help a group make a more comprehensive
and correct investment decision. To the best of our knowledge, no study has considered

multi-segment judgment for renewable energy portfolio selection.
This paper is organized as follows: the first section reviews the state of research and

provides an introduction. ‘Proposed methodology’ section describes the proposed method-
ology. Then, the numerical results of the proposed methodology are presented. The penul-

timate section provides the discussion and policy implications. In the final section, the
conclusion of this paper is derived.

Proposed methodology

Because of the peculiarities of each renewable energy project in different locations, tradi-
tional evaluation methods based on expert judgments are inappropriate. Therefore, this
paper establishes a mathematical model that analyzes the qualitative and quantitative fac-
tors of different aspects (economy, technology, environment, and society) to assist decision-
makers in determining the optimal renewable energy portfolio (as presented in Figure 1).

Figure 1 includes economic, technological, environmental, and social aspects. Each
aspect may have some quantitative and qualitative factors. For example, the quantitative
factors of the economic aspect include economic indicators (net present value [NPV], pay-
back period [PP], internal rate of return [IRR]), costs (investment cost, levelized cost of
electricity [LCOE], operation and maintenance [O&M] cost), and benefits under the effects
of government subsidies (Feed-in tariffs [FITs]). Qualitative factors of the economic aspect
include existing market share and potential market size.

Quantitative factors can be calculated using the financial model, whereas the qualitative
factors cannot and must be evaluated on the basis of expert judgments. Quantitative factors
that are calculated using the financial model are then presented to experts to help them judge
the renewable energy portfolio. The experts include those in different groups (government,
investor, and user groups). The judgments of experts in each group are used to generate the
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interval-valued NS, and AHP-TOPSIS is used to determine the optimal renewable energy

portfolio based on the interval-valued NS. The AHP-TOPSIS is used as an example for the

fuzzy model, any kinds of fuzzy models may be applied as well. For example, the type-2

fuzzy models proposed by Tavoosi47–49 may be applied to evaluate the renewable energy

portfolio as well.

Financial model to evaluate quantitative factors

Cost model of renewable energy projects. The costs of a renewable energy project are a summa-

tion of investment cost, O&M cost, and LCOE. The investment cost (CI) includes predevel-

opment costs (Cpre), costs of buying the power system (Csys), monitoring system costs (Cmon),

and installation costs involving all activities in power system construction (Cic), derived in

equation (1).50

CI ¼ Cpre þ Csys þ Cmon þ Cic (1)

The O&M cost (COM) of an energy system is divided into two parts, one for operational

expenses, and the other for maintenance expenses during the project lifetime

(i ¼ 1; . . . ;Nð Þ). Operational expenses include the rental and lease payments (Ci
rent), insur-

ance costs (Ci
ins), and transmission charges (Ci

tm; an annual fee paid to the authorities of the

Figure 1. Research framework.
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national electrical grid). Maintenance expenses consist of labor costs (Ci
labor), transportation

costs (Ci
trans), costs of production loss (Ci

pro), and costs of replacing equipment (Ci
me).

50

COM ¼
XN
i¼1

Ci
rent þ Ci

ins þ Ci
tm þ Ci

labor þ Ci
trans þ Ci

pro þ Ci
me

� �
(2)

Improving life cycle cost analysis necessitates using an LCOE to define a similar reference

for the value of money at different stages of the power project.51 The similar reference value

is obtained by discounting the costs to the present. The LCOE is equal to the discounted

lifetime costs divided by the discounted lifetime energy production (Ei) and is expressed as

equation (3).51,52

LCOE ¼
CI þ

XN

i¼1

Ci
OM

ð1þ rÞiXN

i¼1

Ei

ð1þ rÞi
(3)

In equation (3), r is the discount factor that reflects the market value of both equity and

debt and is referred to as the weighted average cost of capital. The discount factor is cal-

culated using equation (4).53

r ¼ e
eþ d

Roe þ d
eþ d

Rdð1� nitÞ (4)

where e is the market value of equity, d is the market value of debt, Roeis the return on

equity, Rd is the interest rate of debt, and nit is the nominal corporate income tax rate.

Benefit model under effect of government subsidies. Currently, each country has a set of policies

for encouraging renewable energy development. Consequently, numerous policy instruments

have been proposed and applied. As summarized in Chou et al.,5 major policies include FIT,

renewable energy portfolio standards, tax abatement, net metering, value-added tax (VAT)

reduction, pricing laws, quota requirements, trading systems, and regional aids. The FIT

subsidy, a globally popular government instrument, is used to enhance the installed capacity

of renewable energy. The government establishes a tariff at a reasonable level, guarantees a

price for a designated period, and offers a reasonable return on investment.
Considering the effect of government subsidies (FIT) on the benefit of a renewable energy

project is necessary. The benefit of a renewable energy project is derived from the generated

electricity value (Ei). The Ei in a given year, i, is evaluated based on real-time utilization (ii),
the amount of effective generated electricity (Popi ), and the market electricity price (ui1 ) or

FIT support price (ui2 ), as derived in equations (5) and (6). Equation (5) is Ei without

government subsidies, and equation (6) is Ei with government subsidies.4

Ei1 ¼ iiui1Popi (5)

Ei2 ¼ iiui2Popi (6)

6 Energy & Environment 0(0)



Economic indicators of renewable energy projects. Economic indicators represent the efficiency of

renewable energy projects by estimating the relationship between benefits and costs of a

renewable energy project to determine its feasibility. Three economic indicators are used in

this paper: NPV, IRR, and PP. To assess these economic indicators, cash flow (CF) is con-

sidered as the essential factor. The cash flow is calculated based on Taiwan government

subsidies and taxes, capital cost, practical generated electricity, maintenance costs, costs

incurred in typhoon events, and other parameters such as market electricity prices and

time value of money. NPV, IRR, and PP are calculated using equations (7) to (9),

respectively.5

NPV ¼
XN
i¼1

CFi

ð1þ rÞi � CI (7)

0 ¼
XN
i¼1

CFi

ð1þ IRRÞi � CI (8)

PP ¼

Log 1� r�CIXN

i¼1
CFi

� �
=N

 !

Logð 1
1þr

Þ (9)

Power generation model of renewable energy project. Generated electricity (Pop) is calculated on

the basis of technical parameters and environmental conditions instead of directly

acquiring data from manufacturers. The technical parameters include energy system

size (A) and efficiency (g). Environmental conditions affect the maximum power of

the energy system (Pw). The total generated electricity (TPop) is expressed as

equation (10).

TPop ¼
XN
i¼1

PopðiÞ ¼
XN
i¼1

AgiPwi
(10)

In equation (10), N is the life-time of energy systems, and the maximum power of energy

system (Pw) is calculated differently for each renewable energy source. For example, max-

imum power of a solar photovoltaic (PV) energy system is calculated based on solar radi-

ation (Ip), output power of the module under standard conditions (P0), temperature

coefficient (at), ambient temperature (Ta), irradiance on module plane at nominal operating

cell temperature (NOCT) (IP:NOCT), module operating temperature in NOCT conditions

(TNOCT), ambient temperature in NOCT conditions (Ta:NOCT), electrical efficiency at PV

cell temperature (gref ), efficiency correction coefficient temperature (bref ), and transmittance

of glazing (sa), as expressed in equation (11).5,54,55 The maximum power of a wind energy

system is calculated based on roughness length (z0), altitude above sea level (h), reference

height (href ),wind blade length (R), wind speed at reference height (vref ), local air pressure

Nguyen and Chou 7



(u), gravity constant (g), gas constant for air (G), and local air temperature (T), as expressed
in equation (12).4

Pws
¼ Ip

IP;NOCT
P0

� 1þ at

Ta þ Iphw:NOCTðTNOCT � Ta;NOCTÞ
IP:NOCThw

1� gref
ðsaÞ ð1þ bref :Tref Þ

� �

1� bref gref IPhw:NOCTðTNOCT � Ta;NOCTÞ
saIP;NOCThw

� Tref

0
BBB@

1
CCCA

2
6664

3
7775
(11)

Pww
¼ 1

2
vref �

ln h
z0

ln
href
z0

0
@

1
A

3

pRðRþ 2RrÞ u
GT

�gh
GT

(12)

Capacity factor model of renewable energy projects. The capacity factor is a unitless ratio of the
actual electricity output within a period to the maximum electricity output that can be
produced under ideal conditions within the period. The capacity factor is calculated in
accordance with the technological parameters of the power generator and environmental
parameters of the power generator’s location. The capacity factor varies for different power
generator locations and technologies. In this paper, the capacity factor (fCi

) is calculated
based on annual generated electricity (Popi) and the nameplate capacity parameter (k), as
expressed in equation (13).

fCi
¼ Popi

8760k
(13)

Quantitative factors of environmental aspect. The quantitative factor of the environmental aspect
is occupation area. Occupation area includes total land occupied by the energy system (Aj)
(such as the size of energy system), access roads, substations, service buildings, and other
types of infrastructure,56 as expressed in equation (14).

Lra ¼
XK
j¼1

Aj þ
XM
m¼1

ab (14)

where K is the number of equipment, and M refers to the number of access roads, sub-
stations, service buildings, and other types of infrastructure. Furthermore, a and b are the
length and width, respectively, of access roads, substations, service buildings, and other
types of infrastructure.

Basic concepts of interval-valued NS

This section provides a brief overview of interval-valued NSs. An NS is a powerful general
formal framework introduced by Smarandache57 to express and manage incomplete,
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indeterminate, and inconsistent information that exists in real situations. On the basis of
fuzzy sets, Smarandache57 added an indeterminacy membership function to NS with the
truth and falsity membership functions of intuitionistic fuzzy sets to manage incomplete,
indeterminate, and inconsistent information in real life.58 In an NS, indeterminacy is quan-
tified explicitly, and truth membership, indeterminacy membership, and falsity membership
are independent.59 An interval-valued NS is a subclass of an NS and a generalization of an
interval-valued intuitionistic fuzzy set.

Definition 1. On the basis of Smarandache,57 let X be a universe of discourse, with a generic
element in X denoted by x, X ¼ x1; x2; . . . ; xnf g. An NS ~&E in X is characterized by a truth
membership function (TEðxÞ), an indeterminacy membership function (IEðxÞ), and a falsity
membership function (FEðxÞ). TEðxÞ; IEðxÞ; FEðxÞ are a subset of �0�; 1þ½such that
0� � TE xð Þ þ IE xð Þ þ FE xð Þ � 3þ. An NS ~&E can be defined by equation (15).60

~&A ¼ hx; ðTEðxÞ; IEðxÞ; FEðxÞÞijx 2 X; ðTEðxÞ; IEðxÞ; FEðxÞ 2�0�; 1þ½Þ
� �

(15)

Definition 2. On the basis of Wang,61 an interval-valued NS ~&V in X is defined by a truth
membership function (TVðxÞ), an indeterminacy membership function (IVðxÞ), and a falsity
membership function (FVðxÞ) for each x 2 X, and derived using equation (16).

~&V ¼ hx; inf TV xð Þ; subTV xð Þ½ �; inf IV xð Þ; subIV xð Þ½ �; infFV xð Þ; subFV xð Þ½ �ijx 2 X
� �

(16)

where TVðxÞ; IVðxÞ; FVðxÞ 2 0; 1½ �, and 0 � subTV xð Þ þ subIV xð Þ þ subFV xð Þ � 3;
x 2 X. An interval-valued NS is also denoted as

~&V ¼ TL
VðxÞ;TU

VðxÞ
� 	

; ILVðxÞ; IUVðxÞ
� 	

; FL
VðxÞ;FU

VðxÞ
� 	
 �

Definition 3. 60 The deneutrosophication function of an interval-valued neutrosophic
number ~&V ¼ TL

VðxÞ;TU
VðxÞ

� 	
; ILVðxÞ; IUVðxÞ
� 	

; FL
VðxÞ;FU

VðxÞ
� 	
 �

is expressed as equation (17).

DVðxÞ ¼ TL
VðxÞþTU

VðxÞ
� 	

2
þ 1� ILVðxÞþ IUVðxÞ

2

� �
� IUVðxÞ�

FL
VðxÞþFU

VðxÞ
2

� 1�FU
VðxÞ


 �� �
(17)

Definition 4. On the basis of Wang,61 Zhang et al.62 and Karasan,63 let

~&p ¼ TL
p ;T

U
p

h i
; ILp ; I

U
p

h i
; FL

p ;F
U
p

h i� �
; ~&q ¼ TL

q ;T
U
q

h i
; ILq ; I

U
q

h i
; FL

q ;F
U
q

h i� �
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be two interval-valued neutrosophic numbers. Their arithmetic operation rules are derived

using equations (18) to (22).

~&p�~&q ¼ TL
p þ TL

q � TL
pT

L
q ; T

U
p þ TU

q � TU
p T

U
q

h i
; ILp I

L
q ; I

U
p I

U
q

h i
; FL

p F
L
q ;F

U
p F

U
q

h i� �
(18)

~&p�~&q¼ TL
pT

L
q ;T

U
p T

U
q

h i
; ILp þ ILq � ILp I

L
q ;I

U
p þ IUq � IUp I

U
q

h i
; FL

p þFL
q �FL

p F
L
q ;F

U
p þFU

q �FU
p F

U
q

h i� �
(19)
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Definition 5. On the basis of Chi,64 the Hamming distance between
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p ;T

U
p

h i
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h i� �
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q ;F
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h i� �
is defined in equa-

tion (23).

dHð~&p; ~&qÞ ¼ 1

6
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��� ���
þ IUp � IUq

��� ��� þ FL
p � FL

q

��� ���þ FU
p � FU

q

��� ���
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CA (23)

Interval-valued neutrosophic AHP-TOPSIS

In this section, interval-valued neutrosophic AHP (IVN-AHP) and interval-valued neutro-

sophic TOPSIS (IVN-TOPSIS) are integrated to evaluate energy project priority. As shown

in Figure 2, IVN-AHP is used to calculate the weights for decision criteria by constructing

pairwise comparisons for a set of criteria to judge the relative importance of one criterion to

another or one subcriterion to the others by using linguistic variables. There are several

theoretical and practical approaches to determining the weight of criteria such as ordinal

ranking approach, direct weight determination and pairwise comparison approach. In ordi-

nal raking approach and direct weight determination approach, every criterion must be

weighted with respect to every other criterion simultaneously. Based on the psychological

observation, the “cognitive overload” easily happens when human brain compares the
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criteria all at a time. Therefore, it is hard to determine the precise importance among criteria

by ordinal ranking approach and direct weight determination. The IVN-AHP method that

uses the pairwise comparison approach to determine the weight of criteria is easier for

evaluators to compare the criteria in pairs. This approach is to ask the evaluators for

their opinion over the pairs of criteria, and to derive the weight of criteria based on the

acquired information over the pairs. The main advantage of this approach is to allows a

concentration on the comparison of criteria in pairs rather than all at a time. Therefore, this

paper proposes modifying the classical TOPSIS weighting procedure by using interval-

valued neutrosophic pairwise comparison matrices.
The stages of this approach are summarized as follows: Let CJ ¼ C1;C2; . . . ;Cnð Þ be a

criterion set including quantitative and qualitative factors where ~&wj is the interval-

valued neutrosophic weight of criteria CJ measured using evaluators. K

Figure 2. Flowchart of determining optimal RES portfolio.
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decision-makersðk ¼ 1; 2 . . . ;KÞ evaluate the energy projects, and E ¼ E1; E2; . . . ;Emð Þ is

the set of feasible energy projects. The pairwise comparison is estimated by the decision-

makers on the basis of the linguistic variable and is expressed in matrix ~&P ¼ aij½ �n�n
with

matrix weight ~&Wk ¼ ~&w1k; ~&w2k; . . . ; ~&wnk

� 	
. The weight of each criterion provided by decision-

maker Dk is calculated using the geometric mean and derived in equations (24) and (25)59:

~&wjk ¼ ~&xi � ~&x1k�~&x2k� . . . :�~&xnk


 ��1
(24)

where

~&xik ¼ ~&ai1k � ~&ai2k � . . . :� ~&aijk � . . . :� ~&aink
� �1=n

(25)

The weight vector is obtained using IVN-AHP in equations (24) and (25), then IVN-TOPSIS

is implemented to determine the optimal energy project. This technique evaluates energy proj-

ects according to their distance values to the ideal solution (positive ideal solution [PIS] and

negative ideal solution [NIS]). The basic principle of TOPSIS is that the optimal energy project

should have the shortest distance to the PIS and the farthest distance from the NIS.
Let ~&z

k

ij ¼ TL
ijk;T

U
ijk

h i
; ILijk; I

U
ijk

h i
; FL

ijk;F
U
ijk

h i� �
be the evaluation information of the criteria

CJ (CJ ¼ C1;C2; . . . ;Cn) with respect to the energy project Ei (Ei ¼ E1; E2; . . . ;Em) provid-

ed by decision-maker Dk (Dk ¼ D1;D2; . . . ;DK) based on the linguistic variables. The

interval-valued neutrosophic matrix is expressed as ~&Zk ¼ ~&z
k

ij

h i
m�n

, i ¼ 1; 2; . . . ;m, and j ¼
1; 2; . . . ; n with the matrix weight ~&Wk ¼ ~&w1k; ~&w2k; . . . ; ~&wnk

� 	
.

Because of the K evaluators, the aggregated weight of criteria ~&wj ¼
TL
j ðwÞ;TU

j ðwÞ
h i
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h i
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ects (~&zij ¼ TL
ij ;T

U
ij

h i
; ILij ; I

U
ij

h i
; FL

ij ;F
U
ij

h i� �
) with respect to each criterion can be calculated as

equations (26) to (29).65
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where

�
½TL

j ðwÞ;TU
j ðwÞ�;

��
1�

�YK
k¼1

ð1� TL
jkðwÞ

��1=K

; 1�
�YK

k¼1

ð1� TU
jkðwÞÞ

�1=K
;

½ILj ðwÞ; IUj ðwÞ�; ¼
��YK

k¼1

ðILjkðwÞÞ
�1=K

;

�YK
k¼1

ðIUjkðwÞÞ
�1=K

;

½FL
j ðwÞ;FU

j ðwÞ�Þ
��YK

k¼1

ðFL
jkðwÞÞ

�1=K

;

�YK
k¼1

ðFU
jkðwÞÞ

�1=K�
(28)
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Generally, two types of criteria are involved, namely benefit and cost criteria. Larger
benefit criteria and smaller cost criteria are preferred. To eliminate the influence of different
criteria, the cost criteria must be transformed into benefit criteria. Suppose the standardized

matrix is expressed as ~&H ¼ ~&hij
h i

m�n
. The original decision matrix ~&Z ¼ ~&zij

h i
m�n

can be

converted into ~&H based on the primary transformation principle of Xu and Hu66 as follows:

~&hij ¼
~&zij ¼ TL

ij ;T
U
ij

h i
; ILij ; I

U
ij

h i
; FL

ij ;F
U
ij

h i� �
for benefit criteria
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h i
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h i
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8><
>: (30)

The standardized weighted aggregated decision matrix ~&uij
h i

m�n
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h i
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ij ;F
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is calculated by multiplying the standardized

aggregated rating matrix ~&hij
h i

m�n
with its aggregated weight vector ~&wj, as expressed in

equations (31) and (32).66
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(32)

The interval-valued neutrosophic positive ideal solution (PIS) (Eþ) and negative ideal
solution (NIS) (E�) are selected using the optimal values for each criterion from all energy
projects and derived as equations (33) and (34).65

Eþ
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j
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j
T�U
ij

h i
; Min

j
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j
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F�U
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h i� �
ði ¼ 1; . . . ;mÞ (33)
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The distance between each energy project Ei from Eþand E� are calculated on the basis

of Hamming distance. The shortest distance of energy project Ei (ai) and the farthest dis-

tance of energy project Ei (bi) are measured using equations (35) and (36).65
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The closeness coefficient of each energy project determines the priority of all energy

projects and is calculated as equation (37).65 A higher closeness coefficient indicates that

the energy project is closer to the PIS and farther from the NIS. The higher the closeness

coefficient is, the better the energy project is.

k ¼ ai � ai þ bið Þ�1 (37)

Applications and results

The proposed approach is applied to Taiwan as a case study. Because of Taiwan’s explosive

economic and industrial development, energy security and environmental protection chal-

lenges have emerged for Taiwan’s government. Specifically, according to the Taiwan energy

statistical handbook published by the Bureau of Energy, imported energy increased from

97.69% in 2001 to 98.15% in 2007 and remained high (97.95%) in 2016. In addition, total

carbon dioxide (CO2) emissions increased significantly from 1.76.65� 108 tons to

2.76.23� 108 tons from 1996 to 2016.67 The annual growth rate of CO2 emissions in

Taiwan was more than 5% over the past 20 years, ranking 23rd globally and 6th in Asia

and Oceania in 2018.68

The requirement of reducing CO2 emissions and ensuring energy security have driven the

Taiwan government to promote renewable energy development. By relying on the benefits

of solar PV and wind energy systems as well as Taiwan’s geographical location in a low-

latitude zone, the Taiwan government has established a target of 20% renewable energy by

2025, of which wind energy will contribute 3GW (4.46%), and solar PV energy will con-

tribute 2.5GW (3.72%).67 However, meeting the targets necessitates consideration of the

effect of multicriteria including economic, technological, social, and environmental factors

in the decision-making process. After preliminary screening, five energy projects are used in

this paper: the large-scale onshore wind system (E1), small-scale onshore wind system (E2),

large-scale offshore wind system (E3), small-scale offshore wind system (E4), and solar PV
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system (E5). According to the US Department of National Renewable Energy Laboratory
(NREL), a small-scale wind turbine system has a capacity of <100 kW. The renewable
energy projects are evaluated on the basis of the quantitative and qualitative factors pre-
sented in Figure 1. In total, 4 criteria, 10 subcriteria, and 19 sub-subcriteria are included, of
which 10 sub-subcriteria are quantitative factors and 9 are qualitative factors (Figure 1).

In this paper, we have divided the renewable energy market into three groups including
the government group, investor group and user group, because these three groups have the
most influence on the development of renewable energy and the renewable energy market.
There is a tight relationship between the decision of these three groups. The government
plays an important role in orienting the market. The government can impact on decision of
investors and users through adopting solutions and policies that create positive effects on
the feasibility renewable energy systems. Based on the orientation of government on the
appropriate renewable energy portfolio, government sets a target of renewable energy instal-
lation capacity. To meet the target, government will consider to develop a set of policies that
affect the behavior of investors and users. However, the feasibility of energy policies
depends on the decision-making of investor group and user group. Therefore, it is very
necessary to know the optimal renewable energy portfolio by each group point of view.
We invited four decision-makers in each group with different expertise and backgrounds to
evaluate the renewable energy portfolio.

Quantitative factor results

This paper calculates the quantitative factors of five renewable energy projects. For evalu-
ation accuracy, the five renewable energy projects should have the same lifetime. The
NREL, which is the primary national laboratory for renewable energy and energy efficiency
research and development of the US Department of Energy, provided the lifetime of some
renewable energy systems. The lifetime of a solar PV system is 25–40 years and that of a
wind system is approximately 20 years.69 However, although wind turbines are generally
designed for a service life of 20 years, most can continue to operate for longer than their
originally designed lifespan. For example, approximately 5150 wind turbines in Germany,
Spain, and Denmark had exceeded 20 years in 2016.70 Therefore, 25 years is selected as the
lifetime of the energy projects investigated here. Currently, renewable energy systems are
commercial, and the installation price is obtained from manufacturers and distributors.

The O&M costs of wind energy [including large-scale onshore wind system (E1), small-
scale onshore wind system (E2), large-scale offshore wind system (E3), and small-scale off-
shore wind system (E4)] are high and uncertain. The generated electricity from wind systems
to feed into the electric grid is a convert of the aerodynamic power of an air mass that flows
at wind speed through an blade swept area to turn into electricity. Therefore, the failure of
wind turbine happens frequently and depends on multiple factors including the wind turbine
conditions and meteorological conditions at the installed area. Moreover, in the wind tur-
bine’s life cycle, the wind turbines gradually degrade and failure rates of the components of
the wind turbines are increasing as the age of the components increase. This degradation
process makes the maintenance tasks become complicated since it is uncertain and depends
on the time and meteorological conditions. Moreover, wind systems usually include multiple
turbines which are in remote areas, and the workers are faced with making repairs while up
to 330 feet in the air once at the site. Especially, offshore wind system is usually positioned in
an opened space far away from the coastline to assure that wind speed is strong enough to

Nguyen and Chou 15



generate electricity effectively and reliably. Due to hard–to–reach location characteristic, the
O&M cost of wind systems is high and uncertain. Thus, the O&M cost is obtained from the
optimization maintenance schedule proposed in our previous study.3 Because the O&M cost
of solar PV energy is stable and trivial, we assume that this cost is 3% of the investment cost.

Figure 3 presents the investment and O&M costs of the five energy projects. Offshore
wind systems are typically positioned in an open space far from the coastline. Because of its
remote location, the investment and O&M costs of the offshore wind system are large. For
example, the large-scale offshore wind energy system has the highest investment (US$4150/
kW) and O&M costs (US$42.66/kW/year).

In this paper, a Vestas wind turbine system is investigated because it is lightweight and
designed for high portability and low foundation costs. A Vestas V90-3MW is considered a
large-scale wind turbine, whereas a Vestas V20-100kW is considered a small-scale wind
turbine. In the solar PV system, mono-crystalline silicon cells are used for calculation
because they have highly uniform results with higher energy conversion efficiency.

The generated electricity of the five energy systems is calculated on the basis of the
collected environmental data and typical parameters of the investigated energy systems by
using the generated electricity model in ‘Power generation model of renewable energy proj-
ect’ section. Offshore wind energy has the most generated electricity because offshore wind
speed is significantly high. The generated electricity of the large-scale offshore wind turbine,
large-scale onshore wind turbine, small-scale offshore wind turbine, small-scale onshore
wind turbine, and solar PV system is 11,885, 9048, 1590, 841, and 267MWh, respectively.
Accordingly, the capacity factors of the large-scale offshore wind turbine, large-scale
onshore wind turbine, small-scale offshore wind turbine, small-scale onshore wind turbine,
and solar PV system are 42%, 28%, 33%, 20%, and 19%, respectively.

In 2019, the Taiwan government announced an FIT to subsidize electricity generation
from renewable energy systems. The subsidy levels for the large-scale offshore wind turbine,
large-scale onshore wind turbine, small-scale offshore wind turbine, small-scale onshore
wind turbine, and the solar PV system are NT$5.516/kWh, NT$2.7315/kWh, NT$5.516/

Figure 3. Investment and O&M costs.
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kWh, NT$7.8759/kWh, and NT$5.7983/kWh, respectively. Figure 4 presents the IRR and
PP of the five investigated energy projects with government subsidies. The large-scale
onshore wind system has the highest IRR (13%) with a PP of 10 years, whereas the solar
PV system has the lowest IRR (8%) with a PP of 12 years.

Optimal renewable energy portfolio results

The evaluation method is based on integrated financial method and fuzzy method to deter-
mine the optimal renewable energy projects considering the comprehensive effects of quan-
titative and qualitative factors. After selection of the renewable energy projects and the most
appropriate criteria, subcriteria, and sub-subcriteria, IVN-AHP is used to calculate the
weights for decision criteria by constructing pairwise comparisons for a set of criteria to
judge the relative importance of criteria and subcriteria to the others by using linguistic
variables. A pairwise comparison matrix in the AHP is a suitable means of determining
criteria weights. Therefore, this paper proposes a modification to the classical weighting
procedure in TOPSIS by using interval-valued neutrosophic pairwise comparison matrices.
The decision-makers in each group are asked to determine the level of importance of each
criteria. LVw ¼ VS;SS;AE;SW;VWf g, where VS¼ very strong¼ ([0.7, 0.8], [0.2, 0.3], [0.1,
0.2]), SS¼ slightly strong¼ ([0.6, 0.7], [0.3, 0.4], [0.2, 0.3]), AE¼ absolutely equal¼ ([0.5,
0.6], [0.4, 0.5], [0.3, 0.4]), SW¼ slightly weak¼ ([0.4, 0.5], [0.5, 0.6], [0.4, 0.5]), and
VW¼ very weak¼ ([0.3, 0.4], [0.6, 0.7], [0.5, 0.6]). The decision-makers in each group are
then asked to evaluate the criteria using INV, LVc ¼ VP;P;F;G;VGf g where VP¼ very
poor¼ ([0.1, 0.2], [0.7, 0.8], [0.6, 0.7]), P¼ poor¼ ([0.3, 0.4], [0.6, 0.7], [0.5, 0.6]), F¼ fair¼
([0.4, 0.5], [0.5, 0.6], [0.4, 0.5]), G¼ good¼ ([0.6, 0.7], [0.4, 0.5], [0.3, 0.4]), and VG¼ very
good¼ ([0.7, 0.8], [0.2, 0.3], [0.1, 0.2]). It is noted that the initial fuzzy values of the VS, SS,
AE, SW and VW could be changed as desires in different applications. Tables 1 to 3 indicate
the priority order of each criterion for each decision-maker group. Each decision-making
group evaluates the criteria differently. For example, for the government group, the

Figure 4. Economic criteria of investigated energy projects.
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highest-priority factor is the environment with a score of 0.665, followed by the technolog-

ical (ranked second), economic, (ranked third) and social criteria (ranked fourth)

(C3 � C2 � C1 � C4). For the investor group, the highest-priority factor is the economic

criteria with a score of 0.854 (ranked first), followed by the technological, environmental,

and social criteria (C1 � C2 � C3 � C4). For the user group, the highest-priority factor is

the technological criteria with a score of 0.771 (ranked first), followed by the economic

(ranked second), environmental (ranked third), and social criteria (ranked fourth)

(C2 � C1 � C3 � C4).
By using the quantitative factor data, qualitative factor evaluations, and equations (24) to

(37), the distance of each energy project from the interval-valued neutrosophic PIS and NIS

of each decision-making group are derived in Table 4.
Table 5 presents the closeness coefficient [calculated using equation (37)] and ranking

order of each energy project in each decision-making group. The optimal renewable energy

portfolio differs by decision-making group. For example, with the largest closeness coeffi-

cient value, the small-scale onshore wind system is the optimal energy project for the gov-

ernment group. The order of the five energy projects evaluated by the government group is

E2 � E5 � E4 � E3 � E1. From the investor perspective, the large-scale onshore wind

energy has the most investment potential. Therefore, the order of the five energy projects

for the investor group is E1 � E3 � E2 � E4 � E5. However, the evaluation of the user

group is E5 � E2 � E1 � E4 � E3.

Table 1. Priority order of criteria determined by government group.

Criteria Government Score Ranking

C1: Economic ([0.499,0.575], [0.340,0.423], [0.293,0.378]) 0.590 3

C2: Technology ([0.527,0.599], [0.349,0.432], [0.265,0.347]) 0.626 2

C3: Environment ([0.556,0.624], [0.379,0.462], [0.245,0.324]) 0.665 1

C4: Social ([0.265,0.366], [0.295,0.370], [0.266,0.345]) 0.362 4

Table 2. Priority order of criteria determined by investor group.

Criteria Investor Score Ranking

C1: Economic ([0.694,0.748], [0.449,0.542], [0.141,0.217]) 0.854 1

C2: Technology ([0.510,0.590], [0.424,0.512], [0.165,0.243]) 0.668 2

C3: Environment ([0.330,0.428], [0.365,0.438], [0.276,0.358]) 0.438 3

C4: Social ([0.230,0.334], [0.300,0.368], [0.283,0.365]) 0.321 4

Table 3. Priority order of criteria determined by user group.

Criteria User Score Ranking

C1: Economic ([0.601,0.667], [0.433,0.522], [0.159,0.236]) 0.756 2

C2: Technology ([0.621,0.684], [0.438,0.527], [0.165,0.243]) 0.771 1

C3: Environment ([0.323,0.421], [0.365,0.439], [0.276,0.358]) 0.431 3

C4: Social ([0.253,0.353], [0.300,0.368], [0.283,0.365]) 0.342 4
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Comparative analysis

This session aims to establish a comparative study of the proposed approach and the

existing literature through comparison of the proposed approach with SCDM approaches

and MCDM approaches in the existing literature. Table 6 shows the comparison of the

proposed approach with SCDM approaches in literatures. The main difference between the

proposed approach and the SCDM approaches in the existing literatures is that the SCDM

approaches in the existing literatures focus on analysis the renewable energy resource

through evaluating of one particular aspect. For example, Chung et al.,6 Simon et al.,7

Jongh et al.,8 are only focus on the economic aspect to evaluate the feasibility of one par-

ticular renewable energy resource. Meanwhile, some other literatures focus on technological

Table 5. Closeness coefficient and priority order of energy projects in each decision-making group.

Energy projects

Government Investor User

k Ranking k Ranking k Ranking

Large-scale onshore wind system (E1) 0.385 5 0.627 1 0.523 3

Small-scale onshore wind system (E2) 0.571 1 0.535 3 0.551 2

Large-scale offshore wind system (E3) 0.452 4 0.557 2 0.351 5

Small-scale offshore wind system (E4) 0.498 3 0.527 4 0.465 4

Solar photovoltaic system (E5) 0.553 2 0.377 5 0.600 1

Table 4. Distance measurement of each decision-making group.

Energy projects

Government Investor User

ai bi ai bi ai bi

Large-scale onshore wind system (E1) 3.767 6.020 5.670 3.373 4.847 4.417

Small-scale onshore wind system (E2) 5.593 4.195 4.842 4.201 5.106 4.158

Large-scale offshore wind system (E3) 4.426 5.361 5.040 4.003 3.254 6.010

Small-scale offshore wind system (E4) 4.872 4.915 4.769 4.274 4.308 4.956

Solar photovoltaic system (E5) 5.411 4.377 3.413 5.630 5.557 3.707

Table 6. Comparison of the proposed approach with SCDM in literatures.

Methods Economic aspect Technological aspect Environmental aspect Social aspect

Chung et al.6 v Not considered Not considered Not considered

Simon et al.7 v Not considered Not considered Not considered

Ocon and Bertheau8 v v Not considered Not considered

Jongh et al.9 v Not considered Not considered Not considered

Alobaid et al.22 Not considered v Not considered Not considered

Ciulla et al.23 Not considered v Not considered Not considered

Herrando et al.24 Not considered v Not considered Not considered

Proposed approach v v v v
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aspect to improve the feasibility of renewable energy resources (Such as Alobaid et al.,22

Ciulla et al.,23 Herrando et al.24) As shown in Table 6, the environmental and social aspects
are failed to address in the SCDM approaches in the literatures. The preferred renewable
energy resource is different when considering multiple aspects. For example, Simon et al.7

concluded that the large-scale renewable energy resources with the support of repower
support system will be more feasible than other renewable energy resources. However, the
results of the proposed approach show that when environmental aspects and social aspects
are considered, the large-scale renewable energy resources are not preferred than other
renewable energy resources. Therefore, making a decision in selecting renewable energy
portfolio based on a SCDM is insufficient. The proposed approach has deal with multiple
aspect including economic aspect, technological aspect, environmental aspect and social
aspect. The fuzzy model in the proposed approach is designed to deal with the qualitative
factors such as environmental factor and social factor which is failed to address in the
existing SCDM approaches.

Table 7 shows the comparison of the proposed approach with MCDM approaches in
literatures. As shown in Table 7, although numerous criteria are addressed in the MCDM
approaches in literatures, the literatures merely use the subjective judgments of experts
through surveys as qualitative factors, and quantitative factors are not estimated by finan-
cial model in the literatures. Moreover, the MCDM approaches developed in the literatures
have not considered multi-segment judgment. The ranking result in literatures is general
ranking result (mainly focus on the evaluation of policy-maker), and did not ranking for
particular groups. Solar energy and wind energy are evaluated as the best alternatives in the
literatures. The proposed approach in this paper have analyzed the decisions of several
groups to provide a comprehensive view of the renewable energy portfolio. The results of
the proposed approach demonstrate that there is a different priority between different
groups. Therefore, the ranking results in literature do not indicate thoroughly. Moreover,
there is no model in literatures evaluated for large-scale renewable energy and small-scale
renewable energy as the proposed approach.

Discussion and policy implications

According to the result data shown in Table 6, the SCDM approach in literatures does not
consider the qualitative factors such as social and environmental awareness in evaluation of
renewable energy portfolio. According to the result data shown in Table 7, the MCDM
approach in the literatures do not consider evaluation of the financial model in the fuzzy
model. As such, the fuzzy model is based solely on the subjective judgments of the experts.

Table 7. Comparison of the proposed approach with MCDM in literatures.

Methods

Financial evaluation

model

Multi-segment

judgement Ranking results

Troldbord et al.41 Not considered Not considered Solar>Offshore wind>Onshore wind

Yasir et al.36 Not considered Not considered Wind>Hydro> Solar>Geothermal

Yazdami et al.37 Not considered Not considered Wind> Solar>Geothermal >Biomass

Razi and Ali40 Not considered Not considered Solar>Hydro>Wind

Gulcin and Sezin71 Not considered Not considered Geothermal>Hydro> Solar>Wind

Proposed approach v v Government group: E2 � E5 � E4 � E3 � E1

Investor group: E1 � E3 � E2 � E4 � E5

User group: E5 � E2 � E1 � E4 � E3
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The proposed approach in this paper considers multiple aspects including economic aspect,
technological aspect, environmental aspect and social aspect in evaluation the renewable
energy portfolio (Table 6). In addition, the proposed approach in this paper also utilizes the
financial evaluation model to calculate exact financial criteria that assist the experts in the
making the evaluation in the fuzzy model. In this way, the result data of the proposed model
in this paper is more reliable than the literatures.

As shown in Table 7, the literatures do not consider analysis according to the character-
istics of different decision-making groups. Therefore, their results are general ranking result
(mainly focus on the evaluation of policy-maker), and do not perform ranking for particular
groups. For example, Yasir et al.36 found that the wind energy is the best options among
other kinds of renewably energy regardless of the decision-making groups. Razi and Ali40

found solar energy is the best option, and Gulcin and Sezin71 revealed Geothermal energy is
the best resource regardless of the decision-making groups. Troldbord et al.41 indicated solar
energy is the best alternative. The proposed approach in this paper recognizes that the
priority of criteria and renewable energy resources is different between decision-groups.
This study reinforces the impetus to use a multi-segment judgment model to analyze the
evaluation of different decision-making groups in the consideration the optimal renewable
energy portfolio. Analysis according to the characteristics of decision-making groups indi-
cate some notable findings. Based on the findings represented in Table 5 of this paper,
energy users are more likely than investors to support a solar PV energy system, whereas
the government is most likely to the support small-scale onshore wind and solar PV energy
systems. Moreover, according to the findings represented in Tables 1 to 3, the priority order
of each main criterion differs among the decision-making groups. For example, the highest
priority for the government is the environmental criteria. However, the highest priorities for
investors and users are economic and technological criteria, respectively.

The findings of this paper further shows that the priority and concerns of each decision-
making groups are different. Even investors have begun to consider environmental and
social criteria in investment analysis, economic criteria are prioritized (Table 2) for investor
group. As shown in Tables 4 and 5, the ability to generate electricity is advantageous and
investment potential is large, larger-scale onshore and offshore wind energy systems are
more attractive than other renewable energy projects are to investor group. However, the
large-scale onshore wind energy system is less attractive to the government group (Tables 4
and 5) because it has the largest effect on environment criteria such as the effect on ecosys-
tems, noise pollution, and visual unattractiveness (Table 1). For energy user group, system
reliability and resource availability are the largest concern. Therefore, technical criteria are
their highest priority (Table 3). Because users have available space on the roof of their
buildings, solar PV energy, which is a reliable noise-free system, is preferred over other
investigated energy projects (Tables 4 and 5).

The findings of this paper indicate that energy project evaluations of investors and users
typically differ from those of governments. The feasibility of energy policies depends on the
decision-making of investors and users. Therefore, governments should balance the benefits
and priorities of each group to design and select the most effective policy. Besides the
financial subsidies for renewable energy, the technical efficiency should be improved.
Because the technical aspect is the most important criteria for user group, the innovation
of renewable energy will attract the user group in installing renewable energy system.
Integration of the upstream, middle and downstream industrial chain of renewable energy
system to enhance the technical advantages and reduce the investment cost. Reducing the
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investment cost and increasing the efficiency of renewable energy system is important for
investor group (as the finding result in this paper). Moreover, as renewable energy increases
in market share, the proposed approach helps investors and users evaluate optimal energy
projects on the market. Future energy resource development necessitates an understanding
of energy projects in different conditions. Therefore, estimating not only qualitative factors
but also quantitative factors to assist decision-makers is necessary to provide sufficient
information for evaluating energy projects.

Conclusions

As awareness of human-induced climate change has grown recently, renewable energy
resources have become inevitable for gradually replacing the conventional energy resources
such as coal, oil, natural gas, biofuels, and waste. It is challenged to expand the renewable
energy resources because of difficulties in many different aspects with high level of uncer-
tainty. This paper proposes an approach that considers both quantitative and qualitative
factors for evaluating renewable energy portfolio and considers evaluation of different
decision-making groups, thereby determining the optimal energy portfolio under high
levels of uncertainty and conflicting factors.

This paper attempts to resolve the deficiencies of the SCDM and MCDM approaches in
the literatures by integrating a financial model and a fuzzy model (interval-valued neutro-
sophic set [NS]) for evaluating renewable energy portfolios. The financial model is designed
to calculate the quantitative factors, thereby assisting the experts to make judgments more
accurately. The fuzzy model is designed to analyze the qualitative factors based on judge-
ment of the experts. In this way, the results of the proposed approach are more reliable and
prehensive than the SCDM and DCDM approaches in the literature.

Moreover, this paper proposes a multi-segment judgment to analyze the evaluations of
decision-making groups for determining the optimal renewable energy portfolio. The results
indicate that the decisions for the same renewable energy portfolio of different decision-
making groups varies significantly. One of the reasons for distinct decisions of decision-
making groups is that each decision-making group has different priority to evaluate the renew-
able energy portfolio. This paper suggests that the government should balance the benefits and
priorities of each group to make or adjust the most effective policy, so as to achieve renewable
energy installation target. The proposed approach in this paper provides information that
plays a critical role in supporting decisions of investors, users, and policymakers.

This study applied multi-segment judgment, quantitative and qualitative analysis to real-
ize how different decision making groups decide the renewable energy portfolio.
Accordingly, the proposed approach in this paper enables policy-makers to recognize the
suitable renewable energy resource under different policy that could be a reference for
the development of renewable energy. The proposed approach in this paper also assists
the government to realize the views of investors and users when making or adjusting the
policy of renewable energy, so as to achieve the renewable energy target. The work in this
paper may also assist the investors or companies and users to have a comprehensive analysis
before making decision of investment in renewable energy. The proposed approach in this
paper may be applied globally in any countries with suitable set of data.

However, the fuzzy model used in this study is AHP-Topsis which is used as an example
for the fuzzy model. In the future, the proposed approach should be tested with other fuzzy
models (such as Vikor, Promethe, Electre) and compare the results with different fuzzy
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models to determine the most suitable fuzzy model for the purpose of evaluating renewable
energy portfolio.
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