
This work is licensed under a Creative Commons Attribution 4.0 International
License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

echT PressScience

DOI: 10.32604/ee.2024.050224

ARTICLE

Applying an Ordinal Priority Approach Based Neutrosophic Fuzzy Axiomatic
Design Approach to Develop Sustainable Geothermal Energy Source

Chia-Nan Wang, Thuy-Duong Thi Pham* and Nhat-Luong Nhieu

Department of Industrial Engineering and Management, National Kaohsiung University of Science and Technology,
Kaohsiung, 807618, Taiwan
*Corresponding Author: Thuy-Duong Thi Pham. Email: duongptt.iem@gmail.com

Received: 31 January 2024 Accepted: 18 March 2024 Published: 19 July 2024

ABSTRACT

Geothermal energy is considered a renewable, environmentally friendly, especially carbon-free, sustainable energy
source that can solve the problem of climate change. In general, countries with geothermal energy resources are
the ones going through the ring of fire. Therefore, not every country is lucky enough to own this resource. As a
country with 117 active volcanoes and within the world’s ring of fire, it is a country whose geothermal resources are
estimated to be about 40% of the world’s geothermal energy potential. However, the percentage used compared to
the geothermal potential is too small. Therefore, this is the main energy source that Indonesia is aiming to exploit
and use. However, the deployment and development of this energy source are still facing many obstacles due to
many aspects from budget sources due to high capital costs, factory construction location, quality of resources, and
conflicts of the local community. In this context, determining the optimal locations for geothermal energy sites
(GES) is one of the most important and necessary issues. To strengthen the selection methods, this study applies
a two-layer fuzzy multi-criteria decision-making method. Through the layers, the Ordinal Priority Approach
(OPA) is proposed to weight the sub-criteria, the main criterion, and the sustainability factors. In layer 2, the
Neutrosophic Fuzzy Axiomatic Design (NFAD) is applied to rank and evaluate potential locations for geothermal
plant construction. Choosing the right geothermal energy site can bring low-cost efficiency, no greenhouse gas
emissions, and quickly become the main energy source providing electricity for Indonesia. The final ranking shows
Papua, Kawah Cibuni, and Moluccas as the three most suitable cities to build geothermal energy systems. Kawah
Cibuni was identified as the most potential GES in Indonesia, with a score of 0.46. Papua is the second most
promising GES with a score of 0.45. Next is the Moluccas, with a score of 0.39. However, the three least potential sites
among the 15 studied sites are Lumut Balai, Moluccas and Patuha, with scores of 0.08, 0.11 and 0.17, respectively.
The conclusion of this study also classifies positions into groups to aid in decision-making.
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1 Introduction

Renewable energy not only brings a lot of positive impacts to individuals but also makes great
contributions to each country and territory, such as economic growth and poverty alleviation by
creating jobs, people having higher incomes, reducing the risk of social decentralization, and protecting
the environment at all levels. Providing people with reliable energy at low prices is a step forward

https://www.techscience.com/journal/energy
https://www.techscience.com/
http://dx.doi.org/10.32604/ee.2024.050224
https://www.techscience.com/doi/10.32604/ee.2024.050224
mailto:duongptt.iem@gmail.com


2040 EE, 2024, vol.121, no.8

that can improve access to energy services in urban and rural areas [1]. Which Geothermal is a
source of energy available in the soil, unaltered by fluctuations in the price of fossilized oil or
resource scarcity. When compared to fossil fuel energy sources, it is a reliable source of energy [2].
Therefore, the development of this energy source is a means to achieve the above goals. With the
benefits that geothermal energy brings, we should maintain and develop it. Choosing the right location
to build a power plant has a great consequence on the viability of geothermal energy sites (GES)
in Indonesia. Therefore, this article aims to identify the preferred locations for the placement of
geothermal plants, while taking into account the most influential and conflicting criteria. These
criteria include qualitative and quantitative, random, and deterministic categories. In many recent
studies, in order to determine the location for renewable energy with comprehensive development
potential, in addition to economic aspects, environmental, technical, and geological factors are also
important to the evaluation and selection process [3]. To address the selection of facility sites, multi-
criteria decision-making (MCDM) approaches have been successfully used for this purpose. In the
first layer, the Ordinal Priority Approach (OPA) method was used to determine the sub-criteria,
main criteria as well as their weights. Then, the qualitative efficiency of the geothermal plant sites
was deliberated using the Neutrosophic Fuzzy Axiomatic Design (NFAD) process. Finally, GES is
classified into different groups to support selection decisions. The main contributions of this paper
are as follows: Applying the proposed method will increase value in site selection decision-making and
reduce unnecessary expenses. Although there have been several implementations of MCDM methods
in the field of geothermal energy, there have been no studies that have applied OPA-NFAD to select
suitable geothermal energy sites observed in the fields previous research and this motivated us to
present this study. Furthermore, this study applies a valuable reference to the problem of geothermal
site selection in Indonesia in plant construction. Besides the contributions and novelties of the current
research, there are still potential challenges. First, the decision maker’s subjective assessment is an
important input to the decision-making process. Therefore, the decision-making results may not
be applicable to geothermal site selection elsewhere. Second, many other researchers have applied
quantitative and qualitative criteria with different mathematical methods to select geothermal energy
locations. Finally, there have been no studies applying Axiomatic Design (AD) in neutrophil fuzzy
environments for geothermal energy site selection, so introducing a new decision-making framework
based on NFAD is important. The remaining part of this paper is analyzed: An abstract of the
related studies carried out in Section 2, a detailed profile of the paper is presented in Section 3, and a
discussion, as well as a description of the results, is the epilogue of the paper.

2 Literature Review
2.1 The Criteria and the Sub-Criteria

In this chapter, the criteria used for selecting GES will be developed in detail. Over the past
decade, many studies have recognized the sub-criteria and criteria for this as presented in Table 1.
The criteria are Economic, Social, Geological, Temperature, Technological, Cultural, Volcanic dome
density, Environmental, and Political GES are the main selection criteria. The sub-criteria relate to
air pollution, water pollution, noise pollution, social acceptance, plant design, construction costs,
or operation. There are many studies using a variety of primary and secondary criteria. Research
by Bilić et al. [4] analyzed potential geothermal sites in Northeastern Croatia. In the process of
hydrocarbon exploration, this place has been discovered to have a high geothermal potential. Besides
technical assessment, because of indirect effects, influence on the environment and social deliberations
are also examined so that the plan can be fortunately developed and accepted by the local community.
At the same time in 2020, Chen et al. [5] used a multi-criteria approach based on economic, energy



EE, 2024, vol.121, no.8 2041

and environmental factors. This article exploits local energy sources to save energy, save fossil fuels
and reduce greenhouse gas emissions. Or the study by Mostafaeipour et al. [6], said that the density of
volcanic domes is classified as the most significant criterion for the selection of potential geothermal
plant construction sites in Afghanistan. In the study by Raos et al. [7], advanced geothermal projects
and long-term use plans are considered using related criteria. The criteria include: Technology details,
geothermal characteristics, energy prices, spatial data, social impact and environmental impact. To
evaluate the enhanced geothermal system. Raos et al. [8] used an MCDM tool based on a set of
criteria such as geological characteristics, technical specifications, heat and energy prices as well as
environmental and social impacts.

Table 1: GES selection criteria

No. Authors Year Criteria

Economic Social Geological The tem-
perature

Technolo
gical

Cultural Environm
ental

1 Ronald
Dipippo et al. [9]

1991 X X

2 Milenić et al. [10] 2010 X X
3 Moghaddam et al. [11] 2014 X X X
4 Borzoni et al. [12] 2014 X X X
5 Chawla et al. [13] 2015 X X
6 Ravier et al. [14] 2016 X X
7 Boyaghchi et al. [15] 2016 X X X
8 Rusek et al. [16] 2017 X
9 Yalcin et al. [17] 2017 X
10 Tinti et al. [18] 2018 X X X
11 Chavot et al. [19] 2018 X X X
12 Raos et al. [8] 2019 X X
13 Raos et al. [7] 2019 X X X
14 Bilić et al. [4] 2020 X X X X
15 Chen et al. [5] 2020 X X
16 Mostafaeipour et al. [6] 2020 X

From the different criteria used in prior papers, it can be seen that the criteria such as Environ-
mental, Geological, Economic, and Technological are the four most prominent and used in different
fields of research due to the urgency of their application for the construction of a geothermal plant.

2.2 The Methods
As recapitulated in Table 2, a handful of methods for alternatives problems have been described

in the document, most of the techniques in the document are from the field of MCDM, such as OPA
[20–23], fuzzy Technique for Order Performance by Similarity to Ideal Solution (FTOPSIS) [6,24–
26], Gray model [27–29], NFAD [30,31]. This issue may have been partially solved by previous papers
using Data Envelopment Analysis (DEA) models [22,30,32–36], and other MCDM [6,24,26,28,37–
42]. The authors apply or combine these methods to compare results. Ataei et al. [21] selected the best
supplier based on the sustainability framework in the super project. Modeling is done using Goods and
Services Tax (GST) to consider multiple ranks for criteria and alternatives using the OPA approach.
Mahmoudi et al. [23] combined the FTOPSIS and OPA methods to analyze criteria and rank
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alternatives in information management and data storage. The strengths of the two MCDM methods
proposed in this study are integrated to handle the problem. The FTOPSIS method is distance-based,
so it effectively considers ideal positive and negative distances. Besides, the OPA method is easy to use
and can handle MCDM problems with incomplete data well. There are now many MCDM approaches
that can be used for classification inventory. Hadi-Vencheh et al. [32] integrated the Analytic Hierarchy
Process-Data Envelopment Analysis method for A (very important), B (moderately) and C (least
important) inventory classification. It turns out that the new integrated FAHP-DEA method is simple
enough, easy to apply, suitable for any decision alternative, and particularly effective and useful for
heterogeneous MCDM problems. A study that greatly benefits the Department of Road Transport
and Highways in creating safer roads in the future, Ganesh et al. [25] used a combination of FAHP-
FTOPSIS method to analyze road transport network. Especially about the renewable energy industry
in the world, in previous studies the authors also used a combination of multi-criteria decision-making
methods. Mostafaeipour et al. [6] suggested that volcanic dome density ranks as the most important
criterion when analyzing potential geothermal project sites in Afghanistan using a variety of MCDM.
When analyzing the criteria, the Step Weight Assessment Ratio Analysis (SWARA) method was the
optimal choice, while A new additive ratio assessment (ARAS) method was applied for the hierarchical
ranking of geothermal locates potential and utilizes preferred engineering as an efficient solution. All
procedures identified Ghazni district as the most potential site for the construction of geothermal
sites in Afghanistan. This paper aims to promote the development of sustainable energy sources with
priority methods similar to the FTOPSIS method.

Table 2: MCDM methods have been used in previous studies

No. Authors Year Methods

NFAD FTOPSIS Other methods DEA OPA Grey

1 Gourvénec et al. [43] 2004 X X
2 Lee et al. [22] 2010 X X
3 Hadi-

Vencheh et al. [32]
2011 X

4 Liao [41] 2012 X
5 Oztaysi [28] 2014 X X X
6 Kumar et al. [35] 2015 X X
7 Li et al. [33] 2016 X X
8 Tavana et al. [42] 2016 X
9 Otay et al. [34] 2017 X X
10 Buyukozkan et al. [31] 2017 X X
11 Agarwal et al. [24] 2018 X X
12 Shahabi et al. [26] 2018 X X X
13 Bera et al. [39] 2019 X
14 Javad et al. [40] 2020 X
15 Ataei et al. [21] 2020 X X
16 Govindan et al. [37] 2020 X
17 Mostafaeipour et al. [6] 2020 X X
18 Valmohammadi et al. [27] 2021 X X X
19 Muthanna et al. [30] 2021 X
20 Azizi et al. [29] 2023 X
21 Al-Kbodi et al. [44] 2023 X
22 Al-Kbodi et al. [45] 2024 X
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Through the use of the previous methods, it can be seen that the MCDM methods are considered
to be the most suitable alternative implementations compared to the existing types. Aim to measure
the uncertainty carefully during the selection process. This study focuses on extending MCDM, with
a combination of OPA and NFAD methods. OPA method is considered one of the most widely used
MCDM methods by researchers. NFAD is one of the mathematical weighting methods that have the
function of determining the rank of different properties with respect to the target. With the main goal
of finding an optimal solution from several alternatives, and testing the certainty of the solutions, this
study proposes OPA and NFAD methods for selecting the best locality to build a geothermal plant in
Indonesia.

3 Methodology

This study selected GES and evaluated 15 sites with geothermal potential in Indonesia, as shown
in Fig. 1, in addition to the quantitative and qualitative criteria. As shown in Fig. 2, the research
adopted a layered decision-making approach to performance evaluation GES. In layer 1, OPA is
used to address heterogeneity in the initial decision-making process. There are twelve sub-criteria
and four main criteria to be investigated in GES as follows: Economic (costs of field development,
plant design, construction), geological (temperature, depth of resources, degree of mineralization of
water resources), technical (power of the source, installed power, load factor), environmental criteria
(air pollution, water pollution, noise pollution). NFAD was used to rate all alternatives in layer 2.
Through the first and second layers, an overall score of GES was determined. However, these scores
also include subjective opinions and judgments of experts in linguistics. The results of this method are
applied to rank potential geothermal sites.

Figure 1: Locations with geothermal potential in Indonesia

3.1 Fuzzy Set Theory
Neutrosophic set (NS) [46]. Let ξ be the universe, and NS is D in ξ presented by a T function

TD, I function ID and a F function FD where TD, ID and FD are the true standard factors of [0, 1]. It is
represented as follows:

D = {< x, (TD (x) , ID (x) , FD (x)) > : x ∈ E, TD, ID, FD ∈ ]0−, 1+ [} .
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There is no cap on the amount of TD (x), ID (x), and FD (x). So,

≤ TD (x) + ID (x) + FD (x) ≥ 1 + . (1)

Score function (SF) and accuracy function (AF) are suitable functions for comparing SVN.
Assume D̃1= (T1, I1, F1) be a SVN, then, the SF(D̃1), AF(D̃1) of a SVNN are represented as follows:

SF
(
D̃1

) = (2 + T1 − I1 − F1)/3 (2)

AF(D̃1) = T1 − F1. (3)

(SVTrN-number)
(

D̃ =< (a1, b1c1); TD, IDFD >
)

is a particular NS on the real number set R,

whose T, I, F memberships are described in Fig. 3, and shown as follows:

TD(x) =

⎧⎪⎪⎨
⎪⎪⎩

(x − a1)TD/(b1 − a1), (a1 ≤ x ≤ b1)

TD, (x = b1)

(c1 − x)TD/(c1 − b1), (b1 ≤ x ≤ c1)

0, otherwise

(4)

ID(x) =

⎧⎪⎪⎨
⎪⎪⎩

(b1 − x − ID/(x − a1))/(b1 − a1), (a1 ≤ x ≤ b1)

TD, (x = b1)

(x − b1 + ID(c1 − x))/(c1 − b1), (b1 ≤ x ≤ c1)

1, otherwise

(5)

FD(x) =

⎧⎪⎪⎨
⎪⎪⎩

(b1 − x + FD/(x − a1))/(b1 − a1), (a1 ≤ x ≤ b1)

FD, (x = b1)

(x − c1 + FD(c1 − x))/(c1 − b1), (b1 ≤ x ≤ c1)

1, otherwise

(6)

Operations of SVTrN-number. If D̃1 =< (m1, m2 m3); T1, I1 F1 > and D̃2 =< (n1, n2n3); T2, I2, F2>
is two SVTrN-number, then:

D̃1 ⊕ D̃2 =< (m1 + n1, m2 + n2, m3 + n3); min(T1, T2), max(I1, I2), max(F1, F2) > (7)

D̃1 ⊗ D̃2 =< (m1n1, m2n2, m3n3); min(T1, T2), max(I1, I2), max(F1, F2) > (8)

λD̃1 =< (λm1, λm2, λm3); min(T1, T2), max(I1, I2), max(F1, F2) > (9)

SC and AF of SVTrN-number. The SF s (D̃1) and AF a (D̃1) can be defined as follows:

SFs(D̃1) =
(

1
12

)
[(m1 + 2 m2 + m3] x [2 + T1 − I1 − F1] (10)

AFs(D̃1) =
(

1
12

)
[(m1 + 2 m2 + m3] x [2 + T1 − I1 + F1] (11)

Ranking of SVTrN-number.

If SF(D̃1) < SF(D̃2), then D̃1 < D̃2 (12)

If SF
(

D̃1

)
= SF

(
D̃2

)
, and if (13)

AF(D̃1) < AF (D̃2), then D̃1 < D̃2
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AF(D̃1) > AF (D̃2), then D̃1 > D̃2

AF(D̃1) = AF (D̃2), then D̃1 = D̃2

Figure 2: Methodology flow chart

Figure 3: A triangular neutrophil count with standard single value
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Axiom design principles. The most important of the AD principles are the axiom of independence
and the axiom of information. The independence axiom is used to determine the independence of
functional requirements (FR). The FR indicates the smallest set of independent requirements that
represent the design goals. The most important benefits of these techniques is that the model prevents
the best choice from being selected if an alternative does not satisfy the FRs. The information axiom
states that among designs that satisfy the independence axiom, the design with the lowest information
content (IC) is the best design [47].

The information axiom is determined by the IC which is related to the ability to maintain planned
objectives. The ICi is given by:

ICi = log2

(
1

probabilityi

)
(14)

The completion probability specified by the designer to be achieved is relative to the design scope
(DR) and the system’s demand capabilities relative to the system scope (SR). The region of intersection
of DR and SR is a common area for which a satisfactory solution exists, as shown in Fig. 4.

Figure 4: The common area of SR and DR

Probabilityi, which represents the uniform probability distribution function, can be stated as
follows:

Probabilityi = (Common range/System range) (15)

ICi = Log2(Common range/System range) (16)

The key ideas of AD in a neutrosophic setting are introduced in the current section. Additionally,
a fresh MCDM method for choosing suitable medical picture modalities is described.

Criterion values are presented using LV in the neutrophil domain, as shown in Table 3. The
junction region of the TM, IM and FM functions of the neutrophil count can be achieved as illustrated
in Fig. 5.

The (ICT), (ICI), and (ICF) symbols, which stand for the TM, IM, and FM of information content,
respectively, can be shown as follows:
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ICT = log2

Truth − membership system desgin
Truth − membership Common area

(17)

ICI = log2

Indeterminacy − membership system desgin
Indeterminacy − membership Common area

(18)

ICF = log2

Falsity − membership system desgin
Falsity − membership Common area

(19)

Table 3: Linguistic variables of alternatives and criteria in the form of SVTrN-number

Terms L, M, U Confirmation degree (T , I , F)

Absolutely low (AL) < (0, 0, 1) > Absolutely not sure (ANS) < (0, 1, 1) >
Very low (VL) < (0, 1, 2) > Not sure (NS) < (0.2, 0.8, 0.8) >
Low (L) < (1, 2, 3) > Slightly sure (SLS) < (0.3, 0.7, 0.7) >
Medium (M) < (2, 3, 4) > Median sure (MS) < (0.5, 0.5, 0.5) >
High (H) < (3, 4, 5) > Sure (S) < (0.7, 0.4, 0.4) >
Very high (VH) < (4, 5, 6) > Strongly sure (STS) < (0.8, 0.2, 0.2) >
Strongly very high (SVH) < (5, 6, 7) > Very strongly sure (VSS) < (0.9, 0.1, 0.1) >
Absolutely high (AH) < (7, 8, 9) > Absolutely sure (AS) < (1, 0, 0) >

Figure 5: SR and DR intersection of neutrophil counts

The SF and the AF are employed in the NS-domain to compare neutrosophic values that may
be represented as s and a, respectively. With the IC in the AD environment, we extend s and a in this
method. We represent SFi and AFi based on IC as calculated in Eqs. (2) and (3).

3.2 Ordinal Priority Approach (OPA) Based on Neutrosophic Fuzzy Axiomatic Design (NFAD)
The Ordinal Priority Approach (OPA) based on Neutrosophic Fuzzy Axiomatic Design (NFAD)

is an emerging MCDM method. This method is recognized by researchers as an effective, objective,
and flexible method. This approach has the particular advantages of not requiring the normalization
process, pairwise comparisons, or data completeness. Table 4 presents the set, parameters and decision
variables of the OPA-NAD mathematical model.
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Table 4: Parameters, sets, and variables of the OPA-NAD method

Sets

DM Set of experts ∀i ∈ DM,
FR Set of FRs ∀ĝj = (< ĝj1, ĝj2, ĝj3>aj,θj,βj) ∈ FR

P̂k Set of DM matrices, ∀P̂(k)

ij = = (< P(k)

ij1 , P(k)

ij2 , P(k)

ij1 > a(k)

ij , θ (k)

ij , β(k)

ij ) ∈ P̂k

AT Set of alternatives ∀k ∈ AT
C Set of criteria ∀j ∈ C

Indexes

i Index of the experts (1, . . . , t)
k Index of the alternatives (1, . . . , m)
j Index of the criteria (1, . . . , n)

Variables

Z Objective function
We The weight for each C, where Wej ≥ 0, j = 1, 2, . . . , n,

∑n

j=1 wej = 1
wr

tj Weight (importance) of j th criterion by i th expert at r th rank

The following procedures are used in this study’s OPA-NAD approach for weighting and rating
the criteria:

Step 1: Choose a team of decision-makers or experts. Experts are rated by ordinal numbers
depending on amount of education and years of experience since their competence vary.

Step 2: Each expert assigns a priority to the criterion.

Step 3: Based on the ordinal judgments in steps 1 and 2, the mathematical model (20) is developed
and solved.

MaximizeZ

s.t. :

Z ≤ i
(
j
(
wr

ij − wr+1
ij

))∀i, j, r (20)

Z ≤ ijwj
ij ∀i, j.

t∑
i=1

n∑
j=1

wij = 1

wij ≥ 0 ∀i, j

where Z: Unrestricted in sign.

The criteria and expert weights are determined using Eqs. (21) and (22):

wj =
t∑

i=1

wij ∀j (21)



EE, 2024, vol.121, no.8 2049

wi =
n∑

j=1

wij ∀i (22)

Step 4: Use SVTrN, which has the form of <Low value (L), Mean value (M), Upper value (U);
confirmation degree (CD)>, to represent the data. The data representation method is shown in Table 4.

Step 5: Aggregate opinions of decision makers by averaging using Eq. (7).

Step 6: Calculate the ICT, ICI , ICF for each FRi base on the Eqs. (23)–(25), respectively:

ICT
ij =

⎧⎨
⎩

0

log2

Truth − membership system desgin
Truth − membership Common area

if p̂ij1 > ĝj3 or p̂ij3 > ĝj1

if p̂ij1 ≤ ĝj3 or p̂ij3 ≤ ĝj1

(23)

ICI
ij =

⎧⎨
⎩

0

log2

Indeterminacy − membership system desgin
Indeterminacy − membership Common area

if p̂ij1 > ĝj3 or p̂ij3 > ĝj1

if p̂ij1 ≤ ĝj3 or p̂ij3 ≤ ĝj1

(24)

ICF
ij =

⎧⎨
⎩

0

log2

Falsity − membership system desgin
Falsity − membership Common area

if p̂ij1 > ĝj3 or p̂ij3 > ĝj1

if p̂ij1 ≤ ĝj3 or p̂ij3 ≤ ĝj1

(25)

where p̂ij1 and p̂ij3 are the L and U values of ATi by Ci, where ĝj1 and ĝj3 are L and U values of FRi.

Step 7: Calculate the value of SF for IC of ATi.

After calculating the ICT
ij , ICI

ij, and ICF
ij , we get the form of SVN. So SF is calculated according to

Eq. (2).

SFi =
∑n

j=1
SFij.Wj =

∑n

j=1
[2 + Tij − Iij − Fij]/3.Wj (26)

Step 8: Determine the AF value for the IC of ATi.

After computing the ICT
ij , ICI

ij, and ICF
ij we get the form of SVN. Therefore, AF is determined

using Eq. (3).

AFi =
∑n

j=1
AFij.Wj =

∑n

j=1
[Tij − Fij].Wj (27)

Step 9: Rank alternatives.

Select the best alternative based on the ranking of the SVTrN using Eqs. (12) and (13). Then
ranking them based on ATi if SFi of the alternatives are equal. This section is shown as follows:

If SFi < AFi, then ATi < ATj (i.e., ATi is worse than ATj) (28)

If SFi = SFj and if , (29)

If AFi < AFj, then ATi < ATj (i.e., ATi is worse than ATj_)

If AFi > AFj, then ATi > ATj

(
i.e., ATi is better than ATj

)
If AFi = AFj, then ATi = ATj

(
i.e., ATi is equal to ATj

)
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4 Case Study
4.1 Description of the Case Study

In this paper, a fuzzy MCDM model is proposed to support the efficiency analysis of GES. In
this stage, the purpose of refining the list of sites is to select DMUs with perfect efficiency scores
from previous studies. In general, all geothermal areas of Indonesia are associated with volcanic arcs.
Found in about 276 locations are geothermal areas located along volcanic arcs. Areas such as Karaha,
Bedugul, Sallura, Hulu Lais, Lumut Balai, Sungai Penuh, Iyang Argopuro, Kawah Cibuni, Ulubelu,
Patuha, and Kotamobagu are potential sources that are yet to be developed for power generation.
Other potential geothermal resources are also located in remote areas and small islands in eastern
Indonesia, such as Halmahera, Ambon, Lomblen, and Flores [48]. The study by Asokawaty et al. [49].
showed geothermal potential in the western part of the islands of Sumatera, Bali, Kalimantan,
and Java and the eastern part of Indonesia, where the so-called ‘ring of fire islands includes Nusa
Tenggara, Sulawesi, Moluccas, Papua, and Maluku. The pipeline of the 1,257 MW Geothermal
Power Plant Project includes 15 extremely high potentials in Indonesia, as shown in Table 5. The
hierarchical position of sub-criteria and main criteria depicted in Fig. 6 is based on expert survey
results and literature reviews. Which the determining factors of technical, environmental, economic,
and geological characteristics are the four criteria to evaluate the performance of GES. Firstly,
economies of scale include costs, plant design, and construction. The construction of geothermal
plants is suitable for places that are not really developed because geothermal plants provide a source
of electricity as well as long-term, stable jobs and bring millions of dollars to the local community
local economy. Secondly, geological includes temperature, depth of resources, and water resources
mineralization. Depending on the plant’s geothermal use to select different construction sites, the
Earth’s temperature increases with the depth of resources. The next criteria are related to the technical
aspects, including the power of the source, installed power, and load factor. Installed capacity is the
most important parameter that determines both cost and revenue. The last criteria are related to
the environment, including air pollution, water pollution, and noise pollution. The construction of
geothermal plants should be ensured with issues such as minimizing impacts on the environment, not
causing noise to residential areas, and not building in protected areas (lakes, streams, lagoons, etc.).
Based on the experience of 10 experts in the field of renewable energy assess the impact of the selected
primary and secondary criteria.

Table 5: Information about 15 geothermal sites in Indonesia

Notation Location Latitude Longitude

GES-01 Lumut Balai −4.229721 103.623431
GES-02 Sallura −7.756458 112.181855
GES-03 Sungai Penuh −2.126403 101.337448
GES-04 Kawah Cibuni −7.176929 107.376682
GES-05 Patuha −7.161814 107.400924
GES-06 Karaha −7.123880 108.077103
GES-07 Bali −8.357677 115.079911
GES-08 Java −7.623359 110.705235
GES-09 Nusa Tenggara −8.596194 120.803268
GES-10 Sulawesi −1.860830 120.524926

(Continued)
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Table 5 (continued)

Notation Location Latitude Longitude

GES-11 Moluccas −3.164835 128.558492
GES-12 Papua −5.648596 140.590758
GES-13 Maluku −3.373290 130.322627
GES-14 Muaralaboh −1.515023 101.057177
GES-15 Sorik Marapi 0.684577 99.539455

Figure 6: Criteria hierarchy

4.2 Ordinal Priority Approach (OPA) Based on Neutrosophic Fuzzy Axiomatic Design (NFAD)
Initially, a group of ten experts was established and investigated the influence of evaluation criteria

on the selection of GES in Indonesia. Experts are scored in Table 6 to increase the accuracy of their
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judgments because the expertise of the experts is different. Based on references as well as experts’
opinions, 12 criteria that impact the GES selection problem has been identified, as shown in Fig. 6.

Then, each expert rated the importance of the criteria on the order of 1 to 10. Criteria with higher
priority are considered more important. These ordinal assessments are presented in Table 7. According
to the top-level expert, criterion C1-2 is the most important and deserves the most attention.

Based on the ranking order of 10 experts in Table 7. CPLEX Solver is used to program and solve
the OPA model. The optimization results determine the weights of the criteria as shown in Fig. 7.

Table 6: Qualification and rank of experts

Expert Level of education Experience Rank

DM1 Master 6 years 8
DM2 Doctoral 10 years 1
DM3 Doctoral 7 years 3
DM4 Doctoral 4 years 6
DM5 Doctoral 6 years 4
DM6 Master 5 years 10
DM7 Doctoral 5 years 5
DM8 Doctoral 9 years 2
DM9 Doctoral 4 years 7
DM10 Master 5 years 9

Table 7: Rank of criteria impacts by 10 experts

Expert C1-1 C1-2 C1-3 C2-1 C2-2 C2-3 C3-1 C3-2 C3-3 C4-1 C4-2 C4-3

DM1 1 4 6 2 5 9 3 8 12 7 10 11
DM2 3 1 7 2 4 10 5 6 10 6 11 12
DM3 1 4 6 3 5 8 2 9 12 7 11 10
DM4 2 3 5 1 6 9 4 7 11 8 12 10
DM5 1 3 8 2 5 7 4 9 10 6 11 12
DM6 2 1 5 3 8 9 4 7 10 6 11 12
DM7 2 1 6 3 4 10 5 8 9 7 12 11
DM8 1 3 4 2 5 9 6 10 11 7 8 12
DM9 3 2 6 1 5 10 4 7 11 8 9 12
DM10 1 3 4 2 6 8 5 9 12 7 10 11

In the next step, after calculating the weights of those decision-makers. Then, summarize the
opinions of decision-makers as in Table 8. In this section, the average method is synthesized according
to Eq. (7).
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Figure 7: Criteria weight according to OPA results

Table 8: The aggregated direct influence matrix

Location C1-1 C1-2 C1-3

GES-01 < (4.9, 5.9, 6.9); (0.3, 0.7, 0.7) > < (3.1, 4.1, 5.1); (0.3, 0.7, 0.7) > < (3.8, 4.8, 5.8); (0.3, 0.7, 0.7) >
GES-02 < (3.1, 4.1, 5.1); (0.3, 0.7, 0.7) > < (3.8, 4.8, 5.8); (0.3, 0.7, 0.7) > < (4.3, 5.3, 6.3); (0.3, 0.7, 0.7) >
GES-03 < (3.7, 4.7, 5.7); (0.3, 0.7, 0.7) > < (4.2, 5.2, 6.2); (0.3, 0.7, 0.7) > < (4.2, 5.2, 6.2); (0.3, 0.7, 0.7) >
GES-04 < (3.4, 4.4, 5.4); (0.3, 0.7, 0.7) > < (3.2, 4.2, 5.2); (0.3, 0.7, 0.7) > < (3.7, 4.7, 5.7); (0.3, 0.7, 0.7) >
GES-05 < (4.4, 5.4, 6.4); (0.3, 0.7, 0.7) > < (3.8, 4.8, 5.8); (0.3, 0.7, 0.7) > < (3.1, 4.1, 5.19); (0.3, 0.7, 0.7) >
GES-06 < (4.1 5.1, 6.1); (0.3, 0.7, 0.7) > < (4.2, 5.2, 6.2); (0.5, 0.5, 0.5) > < (4.4, 5.4, 6.4); (0.3, 0.7, 0.7) >
GES-07 < (4.6, 5.6, 6.6); (0.3, 0.7, 0.7) > < (2.9, 3.9, 4.9); (0.3, 0.7, 0.7) > < (3.0, 4.0, 5.0); (0.3, 0.7, 0.7) >
GES-08 < (4.1, 5.1, 6.1); (0.3, 0.7, 0.7) > < (3.2, 4.2, 5.2); (0.3, 0.7, 0.7) > < (3.4, 4.4, 5.4); (0.5, 0.5, 0.5) >
GES-09 < (4.5, 5.5, 6.5); (0.3, 0.7, 0.7) > < (3.3, 4.3, 5.3); (0.3, 0.7, 0.7) > < (3.3, 4.3, 5.3); (0.3, 0.7, 0.7) >
GES-10 < (5.2, 6.2, 7.2); (0.3, 0.7, 0.7) > < (3.6, 4.6, 5.6); (0.3, 0.7, 0.7) > < (3.0, 4.0, 5.0); (0.5, 0.5, 0.5) >
GES-11 < (4.1, 5.1, 6.1); (0.5, 0.5, 0.5) > < (3.6, 4.6, 5.6); (0.7, 0.4, 0.4) > < (3.6, 4.6, 5.6); (0.5, 0.5, 0.5) >
GES-12 < (4.9, 5.9, 6.9); (0.5, 0.5, 0.5) > < (3.3, 4.3, 5.3); (0.5, 0.5, 0.5) > < (3.7, 4.7, 5.7); (0.3, 0.7, 0.7) >
GES-13 < (3.9, 4.9, 5.9); (0.3, 0.7, 0.7) > < (4.0, 5.0, 6.0); (0.3, 0.7, 0.7) > < (3.1, 4.1, 5.1); (0.5, 0.5, 0.5) >
GES-14 < (3.1, 4.1, 5.1); (0.3, 0.7, 0.7) > < (4.2, 5.2, 6.2); (0.3, 0.7, 0.7) > < (3.7, 4.7, 5.7); (0.3, 0.7, 0.7) >
GES-15 < (4.2, 5.2, 6.2); (0.3, 0.7, 0.7) > < (2.9, 3.9, 4.9); (0.5, 0.5, 0.5) > < (5.1, 6.1, 7.1); (0.3, 0.7, 0.7) >
FR < (3.5, 4.5, 5.5); (0.3, 0.7, 0.7) > < (2.9, 3.9, 4.9); (0.3, 0.7, 0.7) > < (4.4, 5.4, 6.4); (0.3, 0.7, 0.7) >

Location C2-1 C2-2 C2-3

GES-01 < (3.8, 4.8, 5.8); (0.5, 0.5, 0.5) > < (4.0, 5.0, 6.0); (0.3, 0.7, 0.7) > < (3.9, 4.9, 5.9); (0.5, 0.5, 0.5) >
GES-02 < (3.7, 4.7, 5.7); (0.3, 0.7, 0.7) > < (3.7, 4.7, 5.7); (0.7, 0.4, 0.4) > < (3.7, 4.7, 5.7); (0.3, 0.7, 0.7) >
GES-03 < (4.1, 5.1, 6.1); (0.3, 0.7, 0.7) > < (4.1, 5.1, 6.1); (0.5, 0.5, 0.5) > < (2.6, 3.6, 4.6); (0.3, 0.7, 0.7) >
GES-04 < (3.7, 4.7, 5.7); (0.7, 0.4, 0.4) > < (2.8, 3.8, 4.8); (0.3, 0.7, 0.7) > < (2.8, 3.8, 4.8); (0.3, 0.7, 0.7) >
GES-05 < (4.2, 5.2, 6.2); (0.3, 0.7, 0.7) > < (5.1, 6.1, 7.1); (0.3, 0.7, 0.7) > < (4.2, 5.2, 6.2); (0.3, 0.7, 0.7) >
GES-06 < (3.6, 4.6, 5.6); (0.3, 0.7, 0.7) > < (4.0, 5.0, 6.0); (0.3, 0.7, 0.7) > < (4.0, 5.0, 6.0); (0.3, 0.7, 0.7) >
GES-07 < (4.4, 5.4, 6.4); (0.3, 0.7, 0.7) > < (4.2, 5.2, 6.2); (0.3, 0.7, 0.7) > < (4.0, 5.0, 6.0); (0.3, 0.7, 0.7) >
GES-08 < (3.1, 4.1, 5.1); (0.3, 0.7, 0.7) > < (3.7, 4.7, 5.7); (0.3, 0.7, 0.7) > < (3.9, 4.9, 5.9); (0.3, 0.7, 0.7) >
GES-09 < (3.4, 4.4, 5.4); (0.3, 0.7, 0.7) > < (4.1, 5.1, 6.1); (0.3, 0.7, 0.7) > < (3.3, 4.3, 5.3); (0.3, 0.7, 0.7) >
GES-10 < (4.1, 5.1, 6.1); (0.5, 0.5, 0.5) > < (3.8, 4.8, 5.8); (0.3, 0.7, 0.7) > < (4.3, 5.3, 6.3); (0.3, 0.7, 0.7) >
GES-11 < (3.2, 4.2, 5.2); (0.3, 0.7, 0.7) > < (4.6, 5.6, 6.6); (0.3, 0.7, 0.7) > < (3.8, 4.8, 5.8); (0.3, 0.7, 0.7) >
GES-12 < (4.3, 5.3, 6.3); (0.3, 0.7, 0.7) > < (3.3, 4.3, 5.3); (0.3, 0.7, 0.7) > < (2.9, 3.9, 4.9); (0.3, 0.7, 0.7) >
GES-13 < (4.2, 5.2, 6.2); (0.3, 0.7, 0.7) > < (4.1, 5.1, 6.1); (0.3, 0.7, 0.7) > < (3.7, 4.7, 5.7); (0.3, 0.7, 0.7) >
GES-14 < (4.1, 5.1, 6.1); (0.5, 0.5, 0.5) > < (3.6, 4.6, 4.6); (0.3, 0.7, 0.7) > < (4.4, 5.4, 6.4); (0.3, 0.7, 0.7) >
GES-15 < (3.6, 4.6, 5.6); (0.3, 0.7, 0.7) > < (3.4, 4.4, 5.4); (0.3, 0.7, 0.7) > < (4.1, 5.1, 6.1); (0.8, 0.2, 0.2) >
FR < (4.3, 5.3, 6.3); (0.3, 0.7, 0.7) > < (3.9, 4.9, 5.9); (0.3, 0.7, 0.7) > < (2.9, 3.9, 4.9); (0.3, 0.7, 0.7) >

(Continued)
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Table 8 (continued)
Location C3-1 C3-2 C3-3

GES-01 < (2.9, 3.9, 4.9); (0.5, 0.5, 0.5) > < (4.5, 5.5, 6.5); (0.3, 0.7, 0.7) > < (2.2, 3.2, 4.2); (0.3, 0.7, 0.7) >
GES-02 < (3.2, 4.2, 5.2); (0.3, 0.7, 0.7) > < (2.6, 3.6, 4.6); (0.3, 0.7, 0.7) > < (4.7, 5.7, 6.7); (0.3, 0.7, 0.7) >
GES-03 < (3.5, 4.5, 5.5); (0.3, 0.7, 0.7) > < (3.8, 4.8, 5.8); (0.3, 0.7, 0.7) > < (4.3, 5.3, 6.3); (0.3, 0.7, 0.7) >
GES-04 < (3.1, 4.1, 5.1); (0.3, 0.7, 0.7) > < (4.4, 5.4, 6.4); (0.3, 0.7, 0.7) > < (3.2, 4.2, 5.2); (0.3, 0.7, 0.7) >
GES-05 < (1.9, 2.9, 3.9); (0.3, 0.7, 0.7) > < (3.4, 4.4, 5.4); (0.5, 0.5, 0.5) > < (3.1, 4.1, 5.1); (0.3, 0.7, 0.7) >
GES-06 < (4.1, 5.1, 6.1); (0.3, 0.7, 0.7) > < (2.6, 3.6, 4.6); (0.3, 0.7, 0.7) > < (4.9, 5.9, 6.9); (0.3, 0.7, 0.7) >
GES-07 < (3.6, 4.6, 5.6); (0.3, 0.7, 0.7) > < (3.8, 4.8, 5.8); (0.3, 0.7, 0.7) > < (3.2, 4.2, 5.2); (0.3, 0.7, 0.7) >
GES-08 < (4.0, 5.0, 6.0); (0.3, 0.7, 0.7) > < (3.7, 4.7, 5.7); (0.3, 0.7, 0.7) > < (4.0, 5.0, 6.0); (0.3, 0.7, 0.7) >
GES-09 < (3.2, 4.2, 5.2); (0.5, 0.5, 0.5) > < (3.9, 4.9, 5.9); (0.3, 0.7, 0.7) > < (4.4, 5.4, 6.4); (0.3, 0.7, 0.7) >
GES-10 < (4.6, 5.6, 6.6); (0.3, 0.7, 0.7) > < (3.6, 4.6, 5.); (0.3, 0.7, 0.7) > < (3.1, 4.1, 5.1); (0.3, 0.7, 0.7) >
GES-11 < (4.2, 5.2, 6.2); (0.3, 0.7, 0.7) > < (3.5, 4.5, 5.5); (0.3, 0.7, 0.7) > < (4.3, 5.3, 6.3); (0.3, 0.7, 0.7) >
GES-12 < (3.6, 4.6, 5.6); (0.3, 0.7, 0.7) > < (4.4, 5.4, 6.4); (0.3, 0.7, 0.7) > < (4.5, 5.5, 6.5); (0.5, 0.5, 0.5) >
GES-13 < (4.0, 5.0, 6.0); (0.5, 0.5, 0.5) > < (4.9, 5.9, 6.9); (0.5, 0.5, 0.5) > < (4.4, 5.4, 6.4); (0.3, 0.7, 0.7) >
GES-14 < (3.3, 4.3, 5.); (0.5, 0.5, 0.5) > < (5.7, 6.7, 7.7); (0.5, 0.5, 0.5) > < (3.6, 4.6, 5.6); (0.3, 0.7, 0.7) >
GES-15 < (5.1, 6.1, 7.1); (0.3, 0.7, 0.7) > < (3.8, 4.8, 5.8); (0.3, 0.7, 0.7) > < (4.9, 5.9, 6.9); (0.5, 0.5, 0.5) >
FR < (3.8, 4.8, 5.8); (0.3, 0.7, 0.7) > < (3.5, 4.5, 5.5); (0.3, 0.7, 0.7) > < (3.8, 4.8, 5.8); (0.3, 0.7, 0.7) >

Location C4-1 C4-2 C4-3

GES-01 < (3.4, 4.4, 5.4); (0.3, 0.7, 0.7) > < (3.2, 4.2, 5.2); (0.3, 0.7, 0.7) > < (2.5, 3.5, 4.5); (0.3, 0.7, 0.7) >
GES-02 < (3.4, 4.4, 5.4); (0.3, 0.7, 0.7) > < (3.8, 4.8, 5.8); (0.3, 0.7, 0.7) > < (4.4, 5.4, 6.4); (0.3, 0.7, 0.7) >
GES-03 < (3.6, 4.6, 5.6); (0.3, 0.7, 0.7) > < (4.4, 5.4, 6.4); (0.3, 0.7, 0.7) > < (4.1, 5.1, 6.1); (0.3, 0.7, 0.7) >
GES-04 < (3.9, 4.9, 5.9); (0.3, 0.7, 0.7) > < (3.9, 4.9, 5.9); (0.3, 0.7, 0.7) > < (3.0, 4.0, 5.0); (0.7, 0.4, 0.4) >
GES-05 < (3.6, 4.6, 5.6); (0.3, 0.7, 0.7) > < (3.2, 4.2, 5.2); (0.5, 0.5, 0.5) > < (3.5, 4.5, 5.5); (0.5, 0.5, 0.5) >
GES-06 < (3.5, 4.5, 5.5); (0.3, 0.7, 0.7) > < (4.1, 5.1, 6.1); (0.3, 0.7, 0.7) > < (3.3, 4.3, 5.3); (0.3, 0.7, 0.7) >
GES-07 < (4.3, 5.3, 6.3); (0.5, 0.5, 0.5) > < (3.9, 4.9, 5.9); (0.3, 0.7, 0.7) > < (3.7, 4.7, 5.7); (0.5, 0.5, 0.5) >
GES-08 < (4.1, 5.1, 6.1); (0.3, 0.7, 0.7) > < (2.9, 3.9, 4.9); (0.3, 0.7, 0.7) > < (3.6, 4.6, 5.6); (0.3, 0.7, 0.7) >
GES-09 < (3.3, 4.3, 5.3); (0.3, 0.7, 0.7) > < (3.5, 4.5, 5.5); (0.5, 0.5, 0.5) > < (4.0, 5.0, 6.0); (0.3, 0.7, 0.7) >
GES-10 < (4.2, 5.2, 6.2); (0.3, 0.7, 0.7) > < (3.7, 4.7, 5.7); (0.3, 0.7, 0.7) > < (3.1, 4.1, 5.1); (0.3, 0.7, 0.7) >
GES-11 < (3.7, 4.7, 5.7); (0.3, 0.7, 0.7) > < (3.7, 4.7, 5.7); (0.3, 0.7, 0.7) > < (3.3, 4.3, 5.3); (0.3, 0.7, 0.7) >
GES-12 < (3.1, 4.1, 5.1); (0.5, 0.5, 0.5) > < (3.4, 4.4, 5.4); (0.3, 0.7, 0.7) > < (3.1, 4.1, 5.1); (0.5, 0.5, 0.5) >
GES-13 < (3.5, 4.5, 5.5); (0.5, 0.5, 0.5) > < (4.1, 5.1, 6.1); (0.3, 0.7, 0.7) > < (2.4, 3.4, 4.4); (0.3, 0.7, 0.7) >
GES-14 < (4.2, 5.2, 6.2); (0.5, 0.5, 0.5) > < (2.1, 3.1, 4.1); (0.5, 0.5, 0.5) > < (4.4, 5.4, 6.4); (0.3, 0.7, 0.7) >
GES-15 < (4.2, 5.2, 6.2); (0.3, 0.7, 0.7) > < (3.6, 4.6, 5.6); (0.5, 0.5, 0.5) > < (3.4, 4.4, 5.4); (0.3, 0.7, 0.7) >
FR < (3.7, 4.7, 5.7); (0.3, 0.7, 0.7) > < (3.2, 4.2, 5.2); (0.3, 0.7, 0.7) > < (3.9, 4.9, 5.9); (0.3, 0.7, 0.7) >

Table 9 shows the results of Truth-membership, Indeterminacy-membership, and False-member
ship for each function requirement. Compute the Truth-membership, Indeterminacy-membership, and
False-membership according to the Eqs. (23)–(25), respectively.

In Table 10. the results of computing the SF value are shown. SF is calculated using Eq. (2).

Table 9: The results of truth-membership, indeterminacy-membership, and false-membership

IC T C1-1 C1-2 C1-3 C2-1 C2-2 C2-3 C3-1 C3-2 C3-3 C4-1 C4-2 C4-3

GES-01 3.47 0.30 1.03 1.25 0.15 2.42 2.14 2.00 4.64 0.47 0.00 3.47
GES-02 0.64 1.73 0.15 1.03 1.04 1.89 1.03 1.73 1.73 0.47 1.03 0.83

(Continued)
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Table 9 (continued)

GES-03 0.30 3.03 0.30 0.30 0.72 0.47 0.47 0.47 0.83 0.15 2.64 0.30
GES-04 0.15 0.47 1.24 1.77 2.30 0.15 1.24 1.73 1.03 0.30 1.24 2.46
GES-05 1.73 1.73 3.03 0.15 2.64 3.03 8.64 0.56 1.24 0.15 0.00 1.06
GES-06 1.03 3.44 0.00 1.24 0.15 2.30 0.47 1.73 2.30 0.30 1.73 1.03
GES-07 2.30 0.00 3.47 0.15 0.47 2.30 0.30 0.47 1.03 1.44 1.24 0.72
GES-08 1.03 0.64 2.42 2.64 0.30 2.00 0.30 0.30 0.30 0.64 0.47 0.47
GES-09 2.00 0.47 2.30 1.73 0.30 0.64 1.03 0.64 1.03 0.64 0.88 0.15
GES-10 5.47 1.24 3.89 0.72 0.15 3.47 1.89 0.15 1.24 0.83 0.83 1.47
GES-11 1.44 1.98 1.89 2.30 1.24 1.73 0.64 0.00 0.83 0.00 0.83 1.03
GES-12 3.89 1.06 1.24 0.00 1.03 0.00 0.30 2.14 1.66 1.44 0.30 1.89
GES-13 0.64 2.30 3.44 0.15 0.30 1.47 0.72 3.89 1.03 0.72 1.73 4.00
GES-14 0.64 3.03 1.24 0.72 3.03 4.00 1.25 0.00 0.30 1.25 2.72 0.83
GES-15 1.24 0.00 1.24 1.24 0.83 3.52 3.03 0.47 2.72 0.83 1.06 0.83
IC I C1-1 C1-2 C1-3 C2-1 C2-2 C2-3 C3-1 C3-2 C3-3 C4-1 C4-2 C4-3
GES-01 3.47 0.30 1.03 0.61 0.15 1.78 1.50 2.00 4.64 0.47 0.00 3.47
GES-02 0.64 1.73 0.15 1.03 −0.04 1.25 1.03 1.73 1.73 0.47 1.03 0.83
GES-03 0.30 3.03 0.30 0.30 0.08 0.47 0.47 0.47 0.83 0.15 2.64 0.30
GES-04 0.15 0.47 1.24 0.68 2.30 0.15 1.24 1.73 1.03 0.30 1.24 1.38
GES-05 1.73 1.73 3.03 0.15 2.64 3.03 8.64 −0.07 1.24 0.15 0.00 0.42
GES-06 1.03 2.81 0.00 1.24 0.15 2.30 0.47 1.73 2.30 0.30 1.73 1.03
GES-07 2.30 0.00 3.47 0.15 0.47 2.30 0.30 0.47 1.03 0.81 1.24 0.08
GES-08 1.03 0.64 1.78 2.64 0.30 2.00 0.30 0.30 0.30 0.64 0.47 0.47
GES-09 2.00 0.47 2.30 1.73 0.30 0.64 1.03 0.64 1.03 0.64 0.25 0.15
GES-10 5.47 1.24 3.25 0.08 0.15 3.47 1.25 0.15 1.24 0.83 0.83 1.47
GES-11 0.81 0.90 1.25 2.30 1.24 1.73 0.64 0.00 0.83 0.00 0.83 1.03
GES-12 3.25 0.42 1.24 0.00 1.03 0.00 0.30 1.50 1.02 0.81 0.30 1.25
GES-13 0.64 2.30 2.81 0.15 0.30 1.47 0.08 3.25 1.03 0.08 1.73 4.00
GES-14 0.64 3.03 1.24 0.08 3.03 4.00 0.61 0.00 0.30 0.61 2.08 0.83
GES-15 1.24 0.00 1.24 1.24 0.83 2.01 3.03 0.47 2.08 0.83 0.42 0.83
IC F C1-1 C1-2 C1-3 C2-1 C2-2 C2-3 C3-1 C3-2 C3-3 C4-1 C4-2 C4-3
GES-01 3.47 0.30 1.03 0.61 0.15 1.78 1.50 2.00 4.64 0.47 0.00 3.47
GES-02 0.64 1.73 0.15 1.03 −0.04 1.25 1.03 1.73 1.73 0.47 1.03 0.83
GES-03 0.30 3.03 0.30 0.30 0.08 0.47 0.47 0.47 0.83 0.15 2.64 0.30
GES-04 0.15 0.47 1.24 0.68 2.30 0.15 1.24 1.73 1.03 0.30 1.24 1.38
GES-05 1.73 1.73 3.03 0.15 2.64 3.03 8.64 −0.07 1.24 0.15 0.00 0.42
GES-06 1.03 2.81 0.00 1.24 0.15 2.30 0.47 1.73 2.30 0.30 1.73 1.03
GES-07 2.30 0.00 3.47 0.15 0.47 2.30 0.30 0.47 1.03 0.81 1.24 0.08
GES-08 1.03 0.64 1.78 2.64 0.30 2.00 0.30 0.30 0.30 0.64 0.47 0.47
GES-09 2.00 0.47 2.30 1.73 0.30 0.64 1.03 0.64 1.03 0.64 0.25 0.15
GES-10 5.47 1.24 3.25 0.08 0.15 3.47 1.25 0.15 1.24 0.83 0.83 1.47
GES-11 0.81 0.90 1.25 2.30 1.24 1.73 0.64 0.00 0.83 0.00 0.83 1.03
GES-12 3.25 0.42 1.24 0.00 1.03 0.00 0.30 1.50 1.02 0.81 0.30 1.25

(Continued)
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Table 9 (continued)

GES-13 0.64 2.30 2.81 0.15 0.30 1.47 0.08 3.25 1.03 0.08 1.73 4.00
GES-14 0.64 3.03 1.24 0.08 3.03 4.00 0.61 0.00 0.30 0.61 2.08 0.83
GES-15 1.24 0.00 1.24 1.24 0.83 2.01 3.03 0.47 2.08 0.83 0.42 0.83

Table 10: The value of SF

SF C1-1 C1-2 C1-3 C2-1 C2-2 C2-3 C3-1 C3-2 C3-3 C4-1 C4-2 C4-3

GES-01 −0.07 0.08 0.01 0.08 0.03 0.02 0.02 0.00 −0.11 0.01 0.07 −0.06
GES-02 0.06 0.01 0.02 0.04 0.05 0.03 0.02 0.00 0.01 0.01 0.03 0.05
GES-03 0.08 −0.05 0.02 0.07 0.04 0.03 0.03 0.02 0.05 0.02 −0.02 0.07
GES-04 0.09 0.07 0.01 0.09 −0.01 0.04 0.01 0.00 0.04 0.01 0.03 0.07
GES-05 0.01 0.01 −0.01 0.07 −0.01 −0.02 −0.12 0.04 0.03 0.02 0.07 0.09
GES-06 0.05 −0.01 0.02 0.03 0.03 −0.01 0.03 0.00 −0.01 0.01 0.01 0.04
GES-07 −0.01 0.09 −0.02 0.07 0.03 −0.01 0.03 0.02 0.04 0.02 0.03 0.11
GES-08 0.05 0.06 0.01 −0.03 0.03 0.00 0.03 0.02 0.07 0.01 0.05 0.06
GES-09 0.00 0.07 0.00 0.01 0.03 0.03 0.02 0.02 0.04 0.01 0.08 0.08
GES-10 −0.16 0.03 −0.01 0.10 0.03 −0.03 0.03 0.02 0.03 0.01 0.04 0.02
GES-11 0.09 0.10 0.02 −0.01 0.01 0.01 0.02 0.03 0.05 0.02 0.04 0.04
GES-12 −0.03 0.10 0.01 0.08 0.02 0.04 0.03 0.01 0.07 0.02 0.06 0.06
GES-13 0.06 −0.01 0.00 0.07 0.03 0.01 0.05 −0.01 0.04 0.02 0.01 −0.08
GES-14 0.06 −0.05 0.01 0.10 −0.02 −0.04 0.04 0.03 0.07 0.02 0.02 0.05
GES-15 0.04 0.09 0.01 0.03 0.02 0.03 −0.02 0.02 0.02 0.01 0.07 0.05

Calculate the AF value for IC of each alternative. The AF is calculated using Eq. (3). Finally,
the final rating of the places is calculated according to Eqs. (12) and (13). The best alternative is
chosen according to SFi. In the condition that SFi of alternatives are equal, then rank them based
on each alternative. From the final ranking of NFAD in Fig. 8, Kawah Cibuni was identified as the
most potential GES in Indonesia with a score of 0.46. Papua is the second most promising GES with
a score of 0.45. The place that needs to be considered and prioritized when choosing the next GES
is Moluccas with a score of 0.39. However, the three least potential sites out of the 15 studied were
Lumut Balai, Moluccas, and Patuha with scores of 0.08, 0.11, and 0.17, respectively.

4.3 Sensitivity Analysis
In MCDM related problems, the majority of input data is dynamic data instead of stable or

continuous data. Therefore, sensitivity analysis can help you make better decisions. The sensitivity
analysis method of MCDM problems was used in this study. This method allows us to determine that
the solution to the problem changes if the weight of a criterion changes. Changes include changes
related to the weighting of other criteria, as well as changes to the final ranking of alternatives. For
this reason, each criterion is eliminated and the final ranking is influenced by them [50]. Therefore,
the sensitivity analysis of the criteria weights includes twelve scenarios. The weights of the criteria for
each scenario are shown in Table 11. Table 12 shows the potential values of the alternatives in every
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scenario, and Fig. 9 depicts their ranking. The final ranking remained unchanged, with Kawah Cibuni
considered the most potential GES in Indonesia in any case. Regardless of the change in the weights
of the attributes, the alternative rankings remained robust in this study, according to the results of
the sensitivity stages. Therefore, the proposed OPA and NFAD models show high applicability and
stability.
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Figure 8: Overall NFAD results

Table 11: The weight of attributes

Criteria Base case Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6
C1-1 0.1404 0 0.1479 0.1442 0.1569 0.1514 0.1459
C1-2 0.1349 0.1434 0 0.1304 0.1469 0.1577 0.1486
C1-3 0.0332 0.0344 0.0402 0 0.0426 0.0391 0.0387
C2-1 0.1167 0.1245 0.1233 0.1281 0 0.1247 0.1380
C2-2 0.0491 0.0534 0.0520 0.0498 0.0545 0 0.0526
C2-3 0.0662 0.0690 0.0719 0.0747 0.0678 0.0780 0
C3-1 0.0536 0.0573 0.0552 0.0605 0.0615 0.0571 0.0601
C3-2 0.0383 0.0416 0.0449 0.0395 0.0422 0.0449 0.0390
C3-3 0.1199 0.1213 0.1311 0.1325 0.1339 0.1353 0.1283
C4-1 0.0242 0.0318 0.0275 0.0361 0.0328 0.0294 0.0301
C4-2 0.0999 0.1112 0.1041 0.1093 0.1177 0.1198 0.1220
C4-3 0.1236 0.1315 0.1394 0.1473 0.1452 0.1331 0.1271
Criteria Base case Scenario 7 Scenario 8 Scenario 9 Scenario 10 Scenario 11 Scenario 12
C1-1 0.1404 0.1531 0.1639 0.1546 0.1554 0.1487 0.1597
C1-2 0.1349 0.1494 0.1392 0.1411 0.1362 0.1428 0.1524
C1-3 0.0332 0.0363 0.0375 0.0449 0.0461 0.0438 0.0373
C2-1 0.1167 0.1241 0.1199 0.1248 0.1313 0.1255 0.1226
C2-2 0.0491 0.0495 0.0512 0.0521 0.0509 0.0505 0.0510
C2-3 0.0662 0.0709 0.0719 0.0692 0.0669 0.0702 0.0721
C3-1 0.0536 0 0.0625 0.0562 0.0600 0.0566 0.0556
C3-2 0.0383 0.0417 0 0.0421 0.0422 0.0452 0.0394

(Continued)



2058 EE, 2024, vol.121, no.8

Table 11 (continued)

C3-3 0.1199 0.1297 0.1227 0 0.1255 0.1269 0.1267
C4-1 0.0242 0.0278 0.0314 0.0341 0 0.0344 0.0260
C4-2 0.0999 0.1114 0.1135 0.1220 0.1156 0 0.1183
C4-3 0.1236 0.1389 0.1268 0.1447 0.1320 0.1291 0

Table 12: The prospective value of alternatives

Criteria Base case Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6
GES-01 0.0792 0.0784 0.0797 0.0830 0.0785 0.0771 0.0804
GES-02 0.3406 0.3431 0.3396 0.3436 0.3382 0.3401 0.3376
GES-03 0.3505 0.3508 0.3596 0.3480 0.3502 0.3488 0.3505
GES-04 0.4584 0.4530 0.4640 0.4523 0.4497 0.4636 0.4980
GES-05 0.1717 0.1761 0.1739 0.1778 0.1665 0.1680 0.1721
GES-06 0.1945 0.1991 0.1794 0.1978 0.2166 0.1805 0.1812
GES-07 0.3837 0.4123 0.3912 0.3610 0.3653 0.3656 0.3759
GES-08 0.3634 0.3619 0.3717 0.3454 0.3693 0.3520 0.3819
GES-09 0.3742 0.4105 0.3522 0.3904 0.3733 0.3718 0.3794
GES-10 0.1106 0.1261 0.0974 0.1008 0.1088 0.1107 0.1245
GES-11 0.3977 0.3931 0.3733 0.4139 0.3873 0.3936 0.4038
GES-12 0.4549 0.4560 0.4295 0.4553 0.4702 0.4284 0.4562
GES-13 0.1833 0.1820 0.1768 0.2016 0.1542 0.1895 0.1761
GES-14 0.2766 0.2590 0.2813 0.2795 0.2604 0.2793 0.2718
GES-15 0.3704 0.3523 0.3708 0.3585 0.3628 0.3605 0.3463
Criteria Base case Scenario 7 Scenario 8 Scenario 9 Scenario 10 Scenario 11 Scenario 12
GES-01 0.0792 0.0796 0.0839 0.0791 0.0794 0.0786 0.0720
GES-02 0.3406 0.3416 0.3370 0.3390 0.3466 0.3420 0.3391
GES-03 0.3505 0.3412 0.3538 0.3551 0.3471 0.3488 0.3540
GES-04 0.4584 0.4516 0.4525 0.4811 0.4498 0.4784 0.4787
GES-05 0.1717 0.1679 0.1605 0.1750 0.1723 0.1750 0.1717
GES-06 0.1945 0.2002 0.1905 0.1950 0.1923 0.1850 0.2172
GES-07 0.3837 0.3789 0.3619 0.4020 0.3958 0.4088 0.3852
GES-08 0.3634 0.3428 0.3582 0.3706 0.3618 0.3834 0.3690
GES-09 0.3742 0.3614 0.3702 0.3722 0.3707 0.3933 0.3528
GES-10 0.1106 0.1095 0.1119 0.1102 0.1178 0.0979 0.1121
GES-11 0.3977 0.3936 0.3918 0.4135 0.4135 0.3966 0.3965
GES-12 0.4549 0.4420 0.4701 0.4487 0.4525 0.4327 0.4622
GES-13 0.1833 0.1781 0.1862 0.2074 0.1924 0.1674 0.1852
GES-14 0.2766 0.2922 0.2754 0.2755 0.2613 0.2803 0.3043
GES-15 0.3704 0.3823 0.3724 0.4037 0.3842 0.3830 0.3714
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Figure 9: Rank the alternatives for all scenarios

5 Comparative Study

In this section, the values of the flexibility and stability coefficients of the three methods NFAD,
F TOPSIS, and Fuzzy Evaluation based on Distance from Average Solution (F EDAS), are given
for comparison. The results of this comparison are summarized in Table 13. As shown in Table 13,
Patuha, Nusa Tenggara, Sulawesi, Maluku, Muaralaboh, and Sorik Marapi are the locations with
similar rankings for all three methods. Next, Lumut Balai, Sungai Penuh, Karaha, Bali, and Papua
are locations with similar ranking results. In contrast to the above two groups, Sallura, Kawah Cibuni,
Java, and Moluccas are four locations with almost opposite ranking results. In general, through the
table comparing the ranking results between the three methods, it can be seen that the application of
the NFAD method in terms of ranking results is quite similar to the F TOPSIS method. However, the
NFAD method applied in the case of this article is more outstanding in its novelty.

Table 13: Comparative analysis of ranking results

Location NFAD F TOPSIS F EDAS

Lumut Balai 15 15 13
Sallura 9 7 2
Sungai Penuh 8 9 7
Kawah Cibuni 1 1 9
Patuha 13 13 13
Karaha 11 11 15
Bali 4 3 4
Java 7 8 1

(Continued)
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Table 13 (continued)

Location NFAD F TOPSIS F EDAS

Nusa Tenggara 5 5 5
Sulawesi 14 14 14
Moluccas 3 4 8
Papua 2 2 3
Maluku 12 12 12
Muaralaboh 10 10 10
Sorik Marapi 6 6 6

6 Conclusion

Recently, occurring events like the COVID-19 epidemic as well as global warming are posing great
challenges to countries around the world. However, there are also chances for both government and
private investors. Renewable energy is a chance, it promotes economic growth, reduces dependence
on fossil fuels and promotes the development of each country. Geothermal is an environmentally
friendly, sustainable, and available form of energy compared to other forms of renewable energy such
as solar, hydro or wind power, and geothermal. And especially not being dependent on weather and
climate factors. Therefore, geothermal also has a very large power factor, the geothermal source is
always active. In the near future, with outstanding advantages such as low-cost efficiency and no
greenhouse gas emissions, it is expected that geothermal energy will quickly become the dominant
energy source to supply electricity for the world. To make efficient use of geothermal energy, choosing
the right mining site is very important. This study combines MCDM methods introduced and applied
by related studies with the aim of analyzing large areas to filter out some highly efficient sites. Large
areas can be analyzed according to different criteria to rank points with the help of relevant experts
and research. The findings show that cost ranks first among all the indicators, followed by plant
design, load factor and noise pollution. Notably, these 4 indicators account for more than half of
the total ratio of 12 indicators; therefore, the energy industry should focus most of its attention on
these indicators. Construction and air pollution are the two indices ranked at the bottom. From the
rankings, Kawah Cibuni was identified as the most potential GES in Indonesia, with a score of 0.46.
Papua is the second most promising GES, with a score of 0.45. The place that needs to be considered
and prioritized when choosing the next GES is Moluccas, with a score of 0.39. However, the three
least potential sites out of the 15 studied were Lumut Balai, Moluccas, and Patuha, with scores of
0.08, 0.11, and 0.17, respectively. Below is a summary of the contributions of this paper. In terms
of methodology, this paper proposes a combined OPA and NFAD approach to assess geothermal
resources under different factors. Regarding legal implications, firstly, the contribution of this study
could be an important document for renewable energy stakeholders in Indonesia and other countries.
Secondly, promoting the development of renewable energy in the context of renewable energy with
rapid technological progress with the goals of environmental protection and sustainable development.
MCDM models are used to make informed decisions during the planning phase of geothermal plants
or any other renewable energy project. In this way, it saves costs and resources for the country. In future
studies, managers can apply this proposed method to determine the most suitable energy site based on
their criteria and psychological characteristics.
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4. T. Bilić, S. Raos, P. Ilak, I. Rajšl, and R. Pašičko, “Assessment of geothermal fields in the South Pannonian
basin system using a multi-criteria decision-making tool,” Energies, vol. 13, no. 5, pp. 1026, 2020. doi:
10.3390/en13051026.

5. Y. Chen, J. Wang, and P. D. Lund, “Thermodynamic performance analysis and multi-criteria optimization
of a hybrid combined heat and power system coupled with geothermal energy,” Energy Convers. Manag.,
vol. 210, pp. 112741, Apr. 2020. doi: 10.1016/j.enconman.2020.112741.

6. A. Mostafaeipour, S. J. H. Dehshiri, S. S. H. Dehshiri, M. Jahangiri, and K. Techato, “A thorough analysis
of potential geothermal project locations in afghanistan,” Sustainability, vol. 12, no. 20, pp. 8397, Oct. 2020.
doi: 10.3390/su12208397.
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