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Abstract

The process of selecting a dependable energy source is essential because of the adverse effects of adopting an inefficient
energy source. This research presents the notion of Q-Rung Orthopair Fuzzy Sets (Q-ROFSs) embedded with a distance
metric to support the selection of an eco-friendly energy source, since the theory of Q-ROFSs is a reliable means for
decision-making. An efficient Q-Rung Orthopair Fuzzy Distance Measure (Q-ROFDM) is constructed in this research.
The novel Q-ROFDM is described to show supetiority over the extant Q-ROFDMs. In addition, the novel distance
technique is utilized in the selection of an efficient energy source alternative from among several energy source alternatives
using assorted energy source selection criteria based on decision-making methods. Finally, to buttress the effectiveness of
the novel Q-ROFDM, a comparative analysis is shown, presenting the strength and reliability of the new technique over
the extant Q-ROFDMs. This efficient technique of energy source selection can be adopted in other uncertainty fields due
to its effectiveness.

Keywords: Energy source alternatives, Q-rung Orthopair fuzzy sets, Energy source selection, Q-rung Orthopair fuzzy
distance metric, Decision-making.

1| Introduction

An energy source is any means through which electricity can be produced or heat can be generated [1]. In this
day and age, many sustainable energy technologies are necessary to substitute the orthodox electricity
generation means like fossil fuel because of the global demands, particularly in developed and developing
nations [2]. Fossil fuel-based energy sources are the major causes of global warming. The emission of
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greenhouse gas into the open air has geometrically increased in recent decades [3]. For this reason, renewable
energy sources such as biomass energy, solar energy, wind energy, hydropower, and geothermal energy have
been used to generate electricity, ameliorating global warming [4]. Roughly speaking, energy sources are
classified into renewable sources and non-renewable sources. The renewable sources are biomass energy,
solar energy, wind energy, hydropower, and geothermal energy. The nonrenewable sources consist of
hydrocarbon fuels (Such as methane gas, fossil fuels, and crude oil) and nuclear energy [5]. These energy
sources are crucial for fulfilling basic human needs and supporting modern life.

However, identifying a preferred eco-friendly energy source presents enormous challenges, including climatic
and geographical constraints, sometimes with high initial investment costs, intermittency issues and energy
storage, regulatory barriers, maintenance, technological complexities, and spatial requirements. Selecting more
eco-friendly energy sources is inherently complex due to the fuzziness involved in the Decision-Making
Process (DMP), which emanates from the uncertainties and the hybrid energy approach to proffering long-

term energy and sustainability security.

It is imperative to note that these factors introduce vague and imprecise parameters, thereby making
traditional crisp decision-making models inadequate. To navigate these uncertainties, Fuzzy Set Theory (FST)
offers a more effective approach by permitting a Degree of Membership (DM) rather than strict classification
[6]. Unlike the classical binaty logic, which groups energy sources as either “fitting” or “unfitting," fuzzy sets
accommodate partial truths, enabling more flexible and adaptive decision-making,.

However, FST may not be able to handle many complex problems because it makes use of a single DM. It is
on this premise that Q-Rung Orthopair Fuzzy Sets (Q-ROFESs), which were presented in [7], stand a better
chance because the concept provides greater flexibility in handling uncertainty by letting the addition of the
qth power of DM and Degree of Non-Membership (DNM) not surpass one, enabling more nuanced decision-
making in complex environments. Numerous applications of Q-ROFSs have been discussed via Q-Rung
Orthopair Fuzzy Distance Measure (Q-ROFDMs), several of which are deficient in terms of accuracy,
fulfillment of distance axioms, omission of hesitation margins of the Q-ROFSs, and reliability. These lapses
justify the essence of this work, which presents a new Q-ROFDM based on a 3-dimensional approach, whose
performances outweigh the existing techniques.

2| Literature Review

The ordinary data is insufficient to model real-life problems, and vague ideas are often exemplified in multi-
criteria decision aid analysis [8]. In fact, it is challenging to handle the assessment criteria accurately and to fix
precise preference grades. This is where the idea of Q-ROFSs comes in to treat this type of ambiguity in
decision-making. Many selection problems have been resolved based on soft computing devices like
Fermatean Fuzzy Sets (FFSs), Pythagorean Fuzzy Sets (PESs), Intuitionistic Fuzzy Sets (IFSs), Q-ROEFSs,
etc., which are the advanced forms of the FST.

Atanassov [9] initiated the concept of IFSs by considering both DNM and DM, such that their addition does
not exceed one. Due to the usefulness of IFS, it has been used to discuss practical human problems, namely,
recognition of patterns [10-14], diagnostic analysis [12—15], emergency control [16], [17] and decision making
[18-21].

Nonetheless, the limitation of IFSs to model cases where the addition of DNM and DM exceeds one
prompted the introduction of PESs by [22], which permits the sum of DM and DNM to exceed one, with a
caveat that the summation of the square of DNM and DM must not exceed one. PFSs have been applied to
so many practical problems like selection problems [23], [24] decision making [25-30], transportation
problems [31] pattern recognition [32], [33] etc.

In the same way, the deficiency of PFS in the sense that the summation of the square of DNM and DM must
not exceed one prompted ref. Senapati and Yager [34] to develop the FFSs, which permits the addition of
the square of DNM and DM to exceed one, with a caveat that the addition of the cube of DNM and DM
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must not exceed one. The applications of FFSs have been discussed in diagnostic medicine [35-37] Multi-
Criteria Decision-Making (MCDM) [38—40] the admission process [41] insecurity evaluation [42—44]
clustering analysis [45] and transportation problems [46], [47].

To efficiently address the setbacks of IFSs, PFSs, and FESs, Yager [7] introduced Q-ROFSs, which
generalized IFSs, PFSs, and FESs, respectively. Because Q-ROFS is appropriate for the resolution of complex
soft computing problems, it has been utilized in healthcare [48—52], decision making [53-58], MCDM [59—
61], etc. The idea of Q-ROFSs has been applied in DMP using the TOPSIS approach [59].

The Multi-Attribute Decision Making (MADM) is a crucial component of operational research and modern
decision science, which makes preference decisions via evaluation and prioritization of finite alternatives
through multiple conflict attributes, and techniques have been utilized in many decision-making problems
under the Q-ROF setting [62—65]. In the same vein, varied variants of fuzzy systems have been used to discuss
medical uncertainty [66—68] and optimization of climate change [69].

Many applications of Q-ROFSs have been buttressed based on Q-ROFDMs. The Q-ROFDM evaluates the
distance between any two arbitrary Q-ROFESs. Du [70] developed a Q-ROFDM using the Minkowski distance
metric and used it to discuss practical problems. Although the method of distance measure included all the
parameters of Q-ROFSs, it does not present the property of Q-ROFESs.

Peng and Liu [71] presented some Q-ROFDMs with applications, but some of the methods omitted the Q-
Rung Orthopair Fuzzy Hesitation Margins (Q-ROFHMs), which are significant in decision-making. Pinar and
Boran [72] developed a Q-ROFDM using the Lp norm and utilized it in supplier selection via the MCDM
method.

However, its results can be misleading because the Q-ROFHMs are discarded. Some distance methods
between Q-ROFSs were presented in [73] based on the weighted induced logarithmic function with utilization
in MCDM. Yin et al. [74] discussed some aggregation operators and distance methods between the hybrid
sets of Q-ROFSs and probabilistic hesitant fuzzy sets, Liu et al. [75] presented some cosine similarity and
dissimilarity methods for complex Q-ROFSs, and Kamact and Petchimuthu [76] presented some Soergel-
based Q-ROFDMs and buttressed their applications in real-life problems.

Hussain et al. [77] presented some Q-ROFDMs via the Hausdorff metric and applied them in decision-
making problems. However, the methods are lacking because they are based on extreme values and disregard
Q-ROFHMs. Ejegwa [78] constructed an efficient Q-ROFDM and applied it to discuss clustering analysis,
investment analysis, and pattern recognition.

In addition, Ali [79] presented a distance method for Q-ROFSs and used it to discuss DMP of energy sources.
Hussain et al. [80] constructed some dissimilarity and similarity methods under Q-ROFSs. The approaches in
Aggregation operators and distance measures for probabilistic Q-Rung Orthopair hesitant fuzzy sets and their
applications [74], [75], [77] were used to discuss varied applications.

Rani and Kumar [81] presented a sine-based distance measure method for Q-ROFSs and used it to discuss
MCDM. The accuracy of the distance value from this method could be affected because the method is based
on 2-dimensional and maximum values. Wang et al. [82] presented 2-dimensional and 3-dimensional
logarithmic-based distance measure methods and applied them in pattern recognition and DMP via the
MCDM technique. But the outcome of the 2-dimensional approach cannot be trusted due to information
loss.

Dutta et al. [83] proposed a method of distance measure between Q-ROFSs by considering incomplete Q-
ROF parameters and applied the method in the discussion of transportation problems. The fact that this
method does not consider the complete Q-Rung Orthopair fuzzy parameters means its outcome cannot be
trusted for reliable interpretation. Suri et al. [84] developed a logarithmic distance metric for Q-ROFSs and
used it for the selection of financial investment funds via a decision-making algorithm. The method is
deficient in the sense that it discards the impact of the Q-ROF index, which is essential for reliable decision-
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making. Finally, Basu et al. [85] presented a Q-ROFDM via score function and similarity measure and used it
to discuss practical decision-making.

2.1| Motivation and Contributions

Because of the significance of a Q-ROFDM, several approaches of Q-ROFDMs have been constructed and
utilized in different areas, viz., transportation problem, selection analysis, investment analysis, clustering
analysis, pattern recognition, etc. [70-85]. The majority of the existing Q-ROFDMs are deficient in terms of
accuracy, fulfillment of distance axioms, omission of hesitation margins of the Q-ROFSs, and reliability. The
lapses of the existing Q-ROFDM:s are the motivation for this article, which presents a new Q-ROFDM based
on a 3-dimensional approach and the elements' weights.

In addition, the concept of Q-ROFSs is considered for energy source selection over IFSs, PESs, and FFSs
because it is more flexible and adaptable to many cases of decision-making. In a few words, the aim of this
work is the development of an innovative Q-ROFDM and its utilization in the selection process of an eco-
friendly energy source by considering many energy source alternatives alongside several criteria. The article
seeks to contribute in the following ways:

I. Construction of an innovative 3-dimensional Q-ROFDM, which is well structured to enhance reliability.

II.  Description of the innovative 3-dimensional Q-ROFDM based on the distance metric conditions for the
aim of validation.

III.  Utilization of the innovative 3-dimensional Q-ROFDM to enhance proficient selection of eco-friendly
energy source alternatives based on Multi Criteria Group Decision Making (MCGDM) and MADM,
respectively.

IV. Comparative analysis of the innovative 3-dimensional Q-ROFDM to buttress its advantages over the existing

Q-ROFDMs.

In summary, Section 1 presents the introduction, literature review, and motivation for the work. Section 2
discusses Q-ROFSs and the existing Q-ROFDMs. Section 3 discusses the innovative 3-dimensional Q-
ROFDM and elaborates on its metric properties. Section 4 discusses the use of the innovative 3-dimensional
Q-ROFDM in the selection process of an eco-friendly energy source alternative based on MCGDM and
MADM techniques and presents a comparative analysis for the purpose of validation. Finally, Section 5
concludes the article with suggestions for further investigations.

3| Preliminaries

A number of basic concepts relating to Q-ROFSs, distance measures under Q-ROFESs, and various existing
Q-ROFDMs are presented in this section, which will enhance our discussion in the upcoming sections. All
through this work, ® = {#4, &,, ..., #1} is taken as a nonempty set with as its cardinality, and ROFS(D) is the
collection of all the possible Q-ROFSs in D.

Definition 1 ([7]). A Q-ROFS 9 on D is described as follows:
2) = {(/5’1, @m(’&i)J @n(&l))l”&l € b}: (1)
where 9, D — [0,1], is the MD and 9, D - [0,1], is the NMD such that 0 < 9% (6,) + 92(6;) < 1 for all

4; € D and q = 1. The HD is denoted as 9y, defined by 9,(4;) = (1 -3 (6) — ‘Dﬁ((ﬁ))a is the degree of
non-determinacy of &; €D, to the set 9 and 9,(H;) €[0,1], where i=1,2,..,k For easiness, 9 =
(g]m({}i), ‘{)n(&i)) ofr P = (D (61), Dn(67)) is taken as the Q-ROF number (Q-ROFN).

Definition 2 ([7]). Given two Q-ROFNs 9 = (‘{)m(ﬂi),‘;‘)n({q)) and 9 = (‘Z\)m(ﬁi),@n(&i)), we present

some basic operations on Q-ROFSs as follows:
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L 9= (9a(6)), D (6)) and P° = (i)n(&i)@)m(&))-
. 9 =9 ifand onlyif, for all &; € D, D (1) = Dy (81) and D,y (61) = Dy (7).
1L 9UD = (max{D, (61, D ()}, min{, (61, Du(6D)}).
V. 909 = (min{Ypy,(61), Dn (69}, max{D,, (61), Dn (61)).
V. 9 9 ifand only if, for all &; € D, Dy (67) < Din(61) and D, (61) = Do (61).

1
V. 989 = (m&(@@&(&g, (e + Do) - DG0TIED) ").

VIL 9@ 9 = ((@&(ﬂi) + Dk (6) - 2)31(1&1)@31(@)1/ . 2)3(&)@2%))
Definition 3 ([70]). Let 9, 9, 9 €Q-ROFS (D) and d: Q — ROFSs(D) x Q — ROFSs(D) - [0,1], then
a(9,9) is a distance metric between 9 and 9 if it fulfills the following conditions:
L 0<d(99)<1
. a4(9,9)=0iffy =9.
. 4(9,9) =4(9,9).
V. 4(9,9)<d(9,9)+4(9.9).

Definition 4. Let 9, 9 €Q-ROFS(D). Then, the weights of © = {&, 6, ..., 4} in Y and 9 are defined in
Egq. (1).

390 (61) + D (6) + D (6) + 3D (67) + DA (6) + D (6
3 3

c [(3DL(6) +DR6) + DI(6D) 3D (6D + Da(8y) + DL (6D
P 3 + 3

Wi =

For w; € [0,1] and X, @; = 1.
3.1| Existing Distance Measures on Q-Rung Orthopair Fuzzy Sets

Next, we outline some existing Q-ROFDMs. Given two Q-ROFSs, 9,9 €Q-ROFS (D), the following Q-
ROFDMs are recalled in Table 1.

Table 1. Existing Q-ROFDM:s.

Q-ROFDMs Distance Schemes

— = Yp
1ok [19mE) =D (8] + (90 (6) — D8]
Du [70] dD@)'g’)‘Ck i=1< ’

+[Dn(8) — Du())|°

where p > 1.

k
~ 1 ~ —
dpua(2.9) = 1 ) (max{] DH8) - Da 80|, 19360 - D]},

i=1
Peng and Liu [71] max{| D (6) — @%(&)L |2Jﬁ(f*i) - @g(f'i)”
1+ max{| 9p,(6) — D (69|, |92(61) — DR8]}

k
Py 2
d’PLZ (SD, ?)) = EZ
i=1
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Table 1. Continued.

Q-ROFDMs Distance Schemes

23K (max{| D6 — DL6D|, DR (6 — DA(6)|})
1£(1 + max{| 93,(67) — D5, (6], [D3(61) — Do (69})

51 — 1 _ p(Zieamin{ 9m6DIREON _ | (Zic, min{ 93(6).92060])
pa(2,9) =1 B(zzzlmaxﬂw&wo@&won) (zizlmaxﬂ mﬂwo,@zw})'

—1_B(Zic 1mm{|‘z)ﬂqw>‘z)ﬂqw>|}>
4rs(2,9) =1 (Zk max{| 98,693, &)}

dPL3 (2); SD) =

Y (2%;1 min(| @ﬂwo,@gwi)n)
k \ZK_ max{| 93619360}/’

for B,y €[0,1]and B+ vy =1,

41 min{ 9, (4). D (61} +min{ 93 (6 D61}
dpie(9.9) = 1 i= 1<max{2)q )9 (6D} +max{ 936,936} )
Peng and Liu [71 _1 min{ 97 ()9 (61)}+min{1-DR(6),1-D (47}
& 7 dpi7(9.9) =1 i= 1(max{2)"‘ 6L (6p}+max{1- 93(6),1-93(6p} )
p (2) ‘D) - ¥ (min{ 9 (6,99, (6)}+min{ 93(6),93(67)})
PLELZ 2K (max{ 93, ()93 (6)}+max{ (6,93 (61)})
dpo(9,9) = 1 - 2, (min{ 93 (69). 9 (61)}+min{ 1-93(61),1-D3(6)})
PL9 ’ -

TR, (max{ 93 (6.9 (6D} +max{ 1-92(6),1-D3(6)})

| D (67) — @gq(f’iﬂ + |2)?1(171) - @g(&i)l +)
[DR(6) — DR8] '

| D (67) — @&(fﬁﬂ + |2J3(4f’ri) - @g(f’iﬂ +

dPLn(‘D.@) = i i |2Jﬁ(1%) - @ﬁ(ﬁi)l +

(2% 0 - D60 - (23060) — Dicen))|

1/p

dpL10(9,9) = ﬁz%(ﬂ <

‘r(q\/l — 936 - q\/l — D)

(1 - (2306 - Dien) +
‘c(q 1- 9369 - m) )

(-0 (28060 - D46)) + | ]
_l_

)

|

|

Pinar and Boran [72]

dPB(?.):@) = iz i

(3a° +2q

(q2+3q+1) [ ] is a parameter of

where p = 1 is the L, norm and T =

uncertainty.

k ~ ~
oy 1 |‘D§1(ﬂ*i)—@&(fﬁ)|+ |2)?1(’6'i)_2)?1(’&i)|
tes(.9) = EZ <max{ DT (6, D, (6} + max| 2)2(&).@2(&)})’

| D (69 — @&(&N + |2)g(/ﬁ) - @g(&iﬂ +

1 [D5C60) — Di(6)|
Kamact and dxe2 (SD' SD) N k; maX{ e (67, @?n((ﬁ)} + maX{ D2 (6), @ﬁ(ﬁi)} + |
Petchimuthu [76] max{ ‘{)g(&i), f)g(ﬁi)}

Kk <| @&(ﬂi)—f}&(&ﬂ + IZ)E(&)—@E(ZW)H)
= D} 6D — DR8]
. <max{ D (61, DL (6} + max{ D3 (61, (6} +>'
= max{ 9}(61), D] (6}

dKP3 (2), @) =
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Table 1. Continued.

Q-ROFDMs

Schemes Distance Schemes

Hussain et al. [77]

k
ne(9,9) = > masx {| 99,06 - 9,069)], (1 - D3e0) ~ (1 - 04,60}

- _ 1
1 i“" <| D806 — DA0)[° + D38y - D))" +> ’
3 1

. de(9,9) = -~
Ejegwa [78] E( ) = I‘Dﬂ(ﬁi) - ‘Dﬁ(fri)lp
where p = 1 (p = 1,2) is the L, norm.
K — Y

. =~ 1 | D (67) — %&(&i)l + I?Jg(lh) - @g(ﬂiﬂ +)
Ali [79 dx(9,9) = — ~ .

1 A(29) 3&2 < 88 - D26
Rani and

Kumar [81]

1+ sin (5 max{] 9%,6:) — 9%,(6:)] |9 6:)

~D3))))

2sin max{| 2)?n(’5'i) - @qm(’&i)ll I‘DE(&) - @g(#i)”
dri(9,9) = kZ( ( )

Wang et al. [82]

_ 2)21(171)108 (

29m(8) )

D (60) + D, (64)

2 9m(8)

@?n(&i)lo (

N| =
'Mw

._.
1l
_

dWel (SD' SD) =

Do (69 + @q(ﬂ)

29,069

2)3(171)10 (

9,06 + Dy (fr)

2 Da(6)

@g(&i)lo (

0,06 + Dy (f“)

_ g)?n(f’i)lo (

@,qnwmog(

Do (61) + @q(fr)

29306

D (61)log (

N -
Mw

dWeZ (SDI {D\) =

PN

(6 + @2(/&)
2926

@3czvi>log(

2 P (61)
D (61) + @q(f*)
2 9m(8)

9,06 + Dy (fr)

295(6)

‘Dﬂ(f*i)lo (

Dy (69 + ‘Dh(f*)

@gw«alog(

2Pp(6) >
@E(fﬁ) + @ﬁ(f*i)

N =

N =

Dutta et al. [83]

k —~ —~ .
oy 1 | D (61) — %?n(’&iﬂ + |%2(’5'i) - ‘Dg(f’iﬂ +
4oe(9.9) = @Z[ 99,6099 (60) — DI60DL 6| |

Suri et al. [84]

_ ¢,
L s -mne) e ;’;“((M) +]
dse(9,9) = 2klog2;| (mq(&) 996, )) 1+ 936 |
| 1+9%6) |

The distance method developed by [70] is not structurally correct in the sense that it does not capture the

unique properties of the Q-ROFESs. In addition, the method lacks precision. Among the distance methods in
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[71], dpL1o and dprq; are the only ones that are developed based on a 3-dimensional approach, where all the
descriptive parameters of Q-ROFSs are captured to enhance precision. However, they did not consider the
number of taxicab differences. Besides dp;1¢ and dpy11, the rest of the distance methods are not based on 3-
dimensional space, which will adversely influence their reliability. In addition, they made use of the extreme

values, which may lead to the omission of vital information.

The distance method constructed in [72] does not consider all the descriptive parameters of Q-ROFSs, which
will influence precision and reliability. Among the three distance methods presented [76], dgp, and dyps ate
based on 3-dimensional space, where all the descriptive parameters of Q-ROFSs are captured, but exclude
the non-determinacy grade, which is vital in resolving imprecision. In addition, dgpy, dgpz, and dgps are
developed based on extreme values, which may lead to the exclusion of some information. The distance
methods in [77-81] are based on 2-dimensional and extreme values, which may lead to the exclusion of some
significant information. Wang et al. [82] and Suri et al. [84] developed distance methods based on logarithmic
functions. While the methods [82] are based on a 3-dimensional approach to enhance reliability, the method
in [84] excludes the non-determinacy grade, which is essential in resolving imprecision. However, all the
logarithmic methods lack accuracy. Finally, the distance methods in [78], [79], [83] are well modeled and are
based on a 3-dimensional approach to enhance reliable interpretation. However, the methods lack accuracy.
The limitation of the existing Q-ROFDMs with regard to precision will be illustrated in the comparison

section.
4| New Q-Rung Orthopair Fuzzy Distance Measure

In this section, the new Q-ROFDM and its properties are presented. This new distance function modifies
and extends the distance metric in [18] under IFSs to Q-ROFSs to boost accuracy and promote interpretation
reliability in comparison to the existing Q-ROFDM:s.

Definition 5. Let 9 and 9 be Q-ROFSs in D = {#,, 4, ..., & } defined as follows:
9 = {(ﬂi,@m(ﬁi),@n(ﬂi))wi € ZD} and Y = {(Zvi,@m(ﬂi),f)n(ﬁi)) |6 € D}, with the hesitancy functions as

Du(6) = (1 - D5 (6) — g)g(xyi))é and 9y (6) = (1 - (6 - @g(&i))é, respectively. Then, the new Q-
ROFDM between 9 and 9 is given as Eq. (2).
n@y-Dn@” 19660 - Dacen”
L+ 9R6) + D (8) PP+ D(6) + Da(6)
9Rc) - Dpen|”
291+ D (6 + D (69

k
. 1
4.(2,9) = EZ , )
i=1

where

T (DR D+ D3 6D)
k

I (D (60+D (80)
Lyg = Myg =

I (DRe0+DR )
- :

. and .7\/@@ = ™

ForLyg =20, Myg =0,Ngg =0, such that, Lyg+ Myg + Ngg = 2. The parameters Ly g, My g and V. 2.9
are the tendency coefficients for the Q-ROF parameters, which epitomize the level of support, opposition,
and neutrality. If k = 1, then Eq. (7) is simplified as Eq. (3).

RO =@ 195 - D@ )

21+93)+93 ) T PP 1+ 938+ DI8) }
|98 - 918 [ @)

21+ 976) +92(6) )

_|_

a.(9,9) =
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where Lyg = (D506) + DH(8)), Myg = (21(6) +DL(8)) and Nyg = (DEB) + (). Again, by
factoring in the influence of element-weight in Eg. (2), we obtain a weighted distance method in Egq. 4).

RILETCORRICH] SV 1 OO Rt AT +\
21 + 93 (6) + DL (6) 231+ 9306 + D) |
199 - 93| / @
Y1+ 9360 + D60

k
a2(2,9) = ) o
i=1

where w; is defined by Eg. (7). Next, the properties of the new Q-ROFDM are described in terms of theorems

as follows.
Theorem 1. Given three Q-ROFSs B, B and B in D, then d, (2), ‘D) satisfies the properties in Definition 3.

Proof: We begin with the proof of I of Definition 3. 1t is certain Eq. (2) fulfills 4, (2), f)) > 0. Thus, d*(‘D, @) <
1 needs to be proved. Since 9, (4), D (6), D (8), D (8), D (8), Dy (&) € [0,1], then we get

—1< 90 (8) - Dh(6) < 1.

—1< ) - D) < 1.

-1<908) -9 (H) < 1.

Thus,

0<[9506) - DL)|" < 1,0 <|92(8) - DIH)|* < 1,0 < [9}(6) - D (#)|* < 1.
Hence,

0 < [958 — D ()" < D (6) + DL (8).

0 < [98(6) — DE(B)|! < DI + DA(4).

0 < [97(6) — DR ()| < D) + D).

In addition,

0 < 2[958) - DLB)|" < 1+ DL(6) + D (6).
0 < 2[95(4) - D3(&)|" < 1+D3(8) + Da(8).
0<2(9%) - 9| <1+ 918) + D (8.
Resulting in the following:

|2)q(f*) @q(lf)l < 0< |Da(6) — @n(fr)l
1+2Jq(fr)+2)q(£v)‘2 1+ 97(6) +Da6)

|2)h(ff) Dacs)|
=1 D, (6) + iDh(ﬂ)

Since Ly g =0, Myg =0,Ngg =0 and Lyg+Myg+Ngg =2, then

NGORG] RN (€O T (€0 N | CO R UHCO T
P1+9L) + 9L T PP 1+ 93 +D16) T PP 1+91(6) + D)
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—_

1 1
V99 =5 (Lyg + Mg+ Nyg) =1

<
2

N =

Lg)@ + EMSD@ +
Therefore,

R - (950 - @)
P14+ 93 ) +DL ) T PP 1+928) + D)

|98 ¢8) - mhw)r*
2971 97(6) +<z)h(zr)

a.(9,9) =

Hence, 0 < d*@], @) < 1 is established. Next, we proof. Suppose Y = 9 and Lyg>0,Mgg>0,Ngyg >0,
it is certain that Eg. (2) holds for all Ly g, My 5 and Ny g, and

PR - (95 - )|
Wi+l + 90 TPV 1+916) +D3(6)

4.(9,9)=¢

3@ - @) _
1+ 91(6) + 9 (6)

Also, if Lo = 0, Mg g =0, and Ngg = 0, we get

@ -R@* o [956) — D)
P91 + 93 (6) + DL () 292)1+2)q(1&)+2)n(fr)

|98(6) - D2 (6)]|*
201+ 99(6) + @hw)

Which shows that &, (2], ‘Z)) = 0. Conversely, for d. (2), @) = 0, we get

9@ -t o 19i) -]
21 +93)+936) ™ 7T 21+ 936) +93(6)

|98¢6) - Do)
201+ 99(6) + @hw)

)

Therefore, if Lgg > 0, Myg >0, Ngg >0, then 91(6) =DL(8), DL(6) = DI(4) and ‘DE(IZV) = @g(!&).
Thus, 9 = 9. Now, we verify I11. This is easy to see since

PR - (950 - D@
291 +996) + 99 (4) 291 +996) + 99(4)
MO -R@I R - (956 - 9@
P21 +918)+916) TPV 1+9L(6) +DL ) T PP 1+ 93(8) + D(6)

~|9Re) - i)
91+ 916) + D(6)

4.(9,9) =~

Thus, 4, (2], @) =d, (@, ‘D) as required. Finally, d. (‘Z), @) +d, (?j, @) >d, (‘{),@) is verified. To establish this,
we need first to show that Eg. (5) holds.
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LY ORGP 1 FXCOTt X ) NN X CO Tk KX (ol i
11988+ 956 M1+ 9L + 9506 - it +9ney @

In fact, Eg. (5)holds if Lyg = Lgg = Lyg = 0. By the principle of the Boolean ring, |‘Z)?n(0) - @?n(l?)lq =

19L6) - DL,  |9L) - DL = |9L(8) - DL(B)|, and  |DLE) - DL =
DL (6) — DL(8)|. Then, Eg. (5) becomes Eq. (6).

PR - PR -Ta@ 1950 - In®)|” ]
29198+ 9% P1+956) + 9% () - 2V 1+9%(6) + D (6) ©)

If Loy = Loy = Ly g > 0, then Eq. (6) is simplified as

20 - IR | 1958 - TL@)I* _ [95.64) - T
1+ 9n(8) + P (6) 1+ Dp(8) + D (6) — 1+ 9(8) + D (6)

Next, we verify whether the immediate inequality is valid in the following cases:

D (8) < Dy (8) < D (), ()
D (8) < Dy (8) < D (8), (b)
D (6) = max{Dy, (6), Dy, (6)}, ©
D (6) < min{Dy, (6), Dy, (6)}: ()

Under case (a), Eg. (7) is equivalent to:

DR - Ta@" | 190 - a5 -Tn@* _
1+90)+DL(8) 1+90)+ DL () 1+D28)+Dh(6) —

Q)

In fact, since P, (6)D 1, (8) = D, (6)D1,(6), and D, (8)D5, (8) = D, (6)D 1, (6), then
98 - D@ | 195 -Ta@)I  [958) - T38|’
1+918)+DL(8) 1+D2)+DR(6) 1+9)(6)+ D (6)
D ()DL (8) — D3 (6)Dh () + D3 (6)T3h (6) — D ()T (6)
(1+98,6) +D%(8)) (1 + 9% 6) + D% (8)) (1 + DE(8) + DL (8))
s D (T (8) — D3 (6)Th (8)
(1+986)+D8(8)) (1 +9%6) + T4 8)) (1+ D5(6) + DL (8))
_ In(8)m(B)[In(8) = D ()] + D (8) D (6) [ D (&) — D (8))]
(1+98,06) +D38)) (1 +936) + D% (8)) (1 + DE(6) + DL (8))
s D ()T (6) [958 — Dn (8]
(1+98,06) +9%6)) (1 + L) + T1(8)) (1 + DL(8) + TL(6))
_ DD B)[DH(6) — D5(8) + Tn(8) - Din(6) + DH(8) — Dn (8] _
T (14986 + L)) (1+9%(6) + D5(8)) (1 +9%,(8) + T (8))
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Hence, Eg. (6) is satisfied under this case (a). Similarly, Eq. (6) is satisfied under case (b). In case (c), where
9L(8) = max{‘{)g](lf), @?n({&)}, we have two situations as follows: We have,

1+ 906+ DL (6) = 1+ DL(8) + DL ().
And
1+ 9L + D1 (6) =1+ 9L (6) + D () if DL(8) < VL) < D (6).
Thus,

DR - Ta®| |, 198 -Tn®)] [958 - In(@®)]
1+918)+DL(8) 1+92()+DL(8) 1+91(6)+D ()
D) - ) s Di(6) —Dm(8) D3(6) - D (8)
1YL +DL(B) 1+ DL +DLB) 1+ DL () + DL (6)
D) - ) . DL (6) — DL (8) . DL (6) — DL ()
1YL +DL(B) 1+ DL +DL(B) 1+ DL () + DL (6)
_ D) — 95.(8) + Dn(8) — D (8) — D () + T (8)
B 1+ 936+ 938

2(9%6) - 94(8))
= — > .

1+918)+ DL (6)

We get

1+ 90(8) + DL (6) = 1+ DL(8) + DL ().

And

1+D3(8) +DL(6) =1+ DL(8) + DL(8) if DL (6) <DL (&) < DL(8).
Thus,

D20 - Ta@®)] |, [Da@® -Dn@®)| [958 - I (8)|
1+918)+9L1(6) 1+91L(8)+IL(6) 1+91(6)+ D3 ()
DR - L) s D) —Dm(8)  Da(6) — D (8)
1L +DL(B) 1+ DL +DL(B) 1+ DL () + DL (6)
_ In®-9n® | Da®-Tn® | Dn® - In®)
1L +DL(B) 1+ DL +DL(B) 1+ DL () + DL (6)
2 D) = D0 (8) + D (8) = D (6) + D (8) — D (4)

B 1+ 936+ 938
2(9%(6) - I (#))

= — — > 0.
1+ 9L +DL6)

Hence, Eq. (6) is established under case (c), and similarly, Fg. (6) holds for case (d). In a similar way, if My g =
Mgg = Myg > 0and Nygg = Ngg = Ngg > 0, then, we get Eq. (7) and Eg. (8), respectively:
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arpy _ G939 q a0 py _ 9039
|9 (&) — D, (8)] e 192(6) — DR(8)| o |9, (8) = D, (8)]

1195 +906) P21 +90) +9°(6) P01+ 9%(6) + D06 @
@ - | @G -R@[ 256 - B[
V11 958) +008) P21+ +0°0(6) 21+ 97(6) +90(6) ®)

Using Egs. (6)-(8), d.(2,9) + d.(2,9) = d.(9,9) is satisfied.

Theorem 2. Given three Q-ROFSs 9, 9 and 9 in D, the weighted Q-ROFDM, df’(‘}),@) fulfills the
conditions in Definition 3.

Proof: We omit the proof because it is akin to Theorem 1.
4.1| Numerical Verifications

Some numerical illustrations of Q-ROFSs are given to show the appropriateness of the novel Q-ROFDM
over the existing Q-ROFDMs. First, we want to verify whether the new Q-ROFDM satisties the distance
metric conditions numerically.

Example 1. Given three Q-ROFSs 9 and 9, and 9 in D = {&, &,, &3}, where
9 = {{(64,0.6,0.4),(H,0.9,0.5), (#3,0.4,0.6)}.
9 = {(£,,0.6,0.4), (#,,0.9,0.5), (#3,0.4,0.6)}.
9 = {(#4,0.6,0.6), (£,,0.5,0.8), (#3,0.8,0.9)}.

If q = 4, based on the new Q-ROFDM, the distance between 8, B and B are computed as follows:
d.(9.9) =0, d.(2,9)=0.

d.(9,9) = 0.0269, d.(9,9) = 0.0269.

d.(9,9) = 0.0269, d.(9,9) = 0.0269.

We can verify that the new Q-ROFDM satisfies the first three properties of a distance metric: 0 < d*(‘D, ‘Z)) <
1, d(‘{), @) =0iffY =9, and d(‘{), f)) = d(f), 2)) In fact, these conditions hold for all values of q.
Example 2. Given three Q-ROFSs 9, 9,and 9 in D = {64, b,, 3}, where

= {(44,0.54,0.35), (#,,0.8,0.56), (£#3,0.45,0.56)}.
9 = {(64,0.6,0.4), (4,,0.8,0.5), (#3,0.4,0.6)}.
9 = {(64,0.7,0.5), (#,,0.65,0.4), (3, 0.8,0.6)}.

If q = 4, based on the new Q-ROFDM, the distance between the Q-ROFSs 9, 9 and 9 are computed as
follows:

d.(9,9) =0.0081, d.(9,9)=2.6%107°,d.(9,9) = 0.0095.

These distance values are represented by Fig. 7 for quick understanding. From the distance values and Fig. 7,
we see that, d.(9,9) + d.(9,9) = 0.0095 > d.(9,9) = 0.0081, Where d.(9,9) =4, d.(9,9) =B, and
d, (2], @) = C. Hence, the property d*(‘D, ‘f}) < d*(ﬁ, ‘5) + d*(‘D, ‘D) is verified. In fact, the Triangle inequality
holds for all values of q. Next, we show the value of the new Q-ROFDM over the current Q-ROFDMs as
follows.
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Fig. 1. Distance representation.

Example 3. Given two Q-ROFSs Band 8B in D = {#, 6,} in two cases. To compare the effectiveness of
the new Q-ROFDMs with the current Q-ROFDMs, two instances of Q-ROFSs are employed for q = 4,p =
1, and the comparison results are presented in Tuble 2. By observation, the Q-ROFSs in both cases are quite
similar to each other. This experiment is to test the discriminating power of the new Q-ROFDM over the
existing Q-ROFDMs. With the sharp similarity between the Q-ROFSs, the Q-ROFDMs are expected to yield

very minimal distance values.

From Table 2, we notice that dy, [70] lacks the discriminating power, yields inappropriate and unreasonable
results, and fails the distance axioms. The results from dpy; [71], dpry [71], and drgk [81] are negative,
inappropriate, unreasonable, and fail the distance axioms. The results from dpr4, dprs, dprs, dprg [71], dxp1
[76], and ds. [84] are unreasonable because they do not capture the very close similarity between the
considered Q-ROFSs. Although the distance approaches; dpr1, dpLa, dprz, dprio, dpri1 [71], dps [72], dkpa,
dyps [70], dyue [77], dg [78], da [79], dwer [82], dwez [82], and dpe [83] yield results that are appropriate,
reasonable, and fulfilling distance axioms, their rate of accuracy is not optimal. On the contrary, the new Q-
ROFDM yields results that are appropriate, reasonable, fulfilling distance axioms, and the most precise of all
the considered Q-ROFDMs.

Table 2. Comparative distance values.

Case 1 Case I1I

9 =(6,,0.2,0.4), 9 =/(6,0.46,0.4),

(,,0.7,0.4) (6,,0.7,0.4) A, A, A
Q-ROFDMs & = 6. 0.3,0.45), 9 = (6,,0.5,0.4), P

(#,,0.67,0.3) (,,0.6,0.5)
d. 0.0000036 0.0000228 v v
dp [70] 1.0000000 1.0000000 X X X
dppy [71] 0.0269975 0.0641127 v v v
dpLy [71] 0.0512289 0.1136523 v v v
dprs [71] 0.0608851 0.1432375 v v v
dpLa [71] 0.3378523 0.4212939 v o x v
dps [71] 0.6689262 0.7106470 v o x v
dpre [71] 0.7972525 0.7841626 v o x v
dppy [71] -3.9795359 232207082 X X X
dpLs [71] 0.5945049 0.5683252 v ox v
dppo [71] 189590718 74414165 X X X
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Table 2. Continued.

Case I Case II

Y =(64,0.2,0.4), Y =1(64,0.46,0.4),

('6’2, 0. 7: 0. 4') <'£"2, 07,04) A1 AZ A3
QROEDMs 5~ (4,,0.3,0.45), 9 = (6,,0.5,0.4),

(2,0.67,0.3) (6,,0.6,0.5)

dprio [71] 0.0389975 0.0641127 v v v
dpras [71] 0.0232481 0.052697 v v v
dpg [72] 0.0356364 0.0305455 v v v
dgp1 [76] 0.1238778 0.2113200 v o x v
dxpo [76] 0.0375338 0.0602499 v v v
dgps [76] 0.0750676 0.1204999 v v v
dye [77] 0.0269975 0.0641127 v v v
dg [78] 0.0259983 0.0427418 v v v
da [79] 0.0367672 0.0604461 v v v
dpk [81] 0.3967586 -0.9883594 X X X
dwer [82] 0.0729383 0.1144795 v v v
dyes [82] 0.0768005 0.1184342 v v v
dpe [83] 0.0052683 0.0245604 v v v
dse [84] 0.6651757 0.7531083 v o ox v

A;: Appropriate outcomes A,: Reasonable outcomes Agz: Fulfilling distance axioms

5| Optimization of Energy Source Selection Process

The optimization of energy source selection is a complex DMP, and it is of environmental and industrial
importance. With the increasing demand for sustainable energy solutions, selecting the most suitable energy
source has become a crucial task. However, the inherent uncertainties and ambiguities associated with
evaluating and prioritizing various renewable energy sources can be handled by introducing fuzziness into the
DMP. Criteria like feasibility, risk of failure, and reliability, amongst others, must be considered, but their
relative importance and interdependencies are often uncertain and subjective. This fuzziness complicates the
optimization process, requiring innovative approaches to navigate the complexities in order to arrive at an
optimal solution. Hence, we apply the new Q-ROFDM in the optimization of the energy source selection
process based on MCGDM and MADM to achieve an efficient decision.

Linguistic variables

A Linguistic Variable (LV) is the use of numerical values to represent a linguistic term to enhance data
collection based on a knowledge-based system. The LVs are: Very Very Low (VVL), Very Low (VL), Low
(L), Moderately Low (ML), Extremely Low (EL), Fair (F), Moderately High (MH), Very Very High (VVH),
Very High (VH), High (H), and Extremely High (EH). The LVs and their related numerical values are
presented in Table 3.

Table 3. Linguistic terms and Q-ROFNs.

LVs Q-ROFNs
EL 0,1)
VVL (0.05,0.9)
VL (0.1,0.75)
L (0.25,0.6)
ML (0.4,0.5)
F (0.5,0.4)
MH (0.6,0.3)
H (0.7,0.2)
VH (0.8,0.15)
VVH (0.9,0.1)

EH (1,0)
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Description of the criteria

The selection criteria for the energy sources are described as follows:

L.

II.

111

IV.

VI

VIL

VIII.

IX.

XI.

XII.

XTII.

XIV.

XV.

XVI

Feasibility (€;): This criterion assesses the safety of the energy generation technology source

implementation, by considering the number of effectively tested applications for the energy source.

Risk of failure (€,): The risk criterion describes the security of the supply of an energy, itemizing the

number of failures witnessed in the energy source.

Reliability (€3): This is the reliability, the consistent quality of the electricity production of an energy
resource.

Local technical know-how (€,): This criterion compares the energy source alternatives using the ability of

local operators to provide necessary operating support for setting up and maintenance.

Pollutant emission (€s): This critetion evaluates the pollution caused by the energy source alternatives. It
takes into account the costs related to the waste treatment.

Land requirements (€4): This criterion assesses the energy source alternatives with regard to their areas of
land requirement for the power installation.

Waste disposal requirements (€;): This criterion evaluates the level of wastes generated by the energy source

alternatives, taking into account the environmental impact caused by the wastes.

Compatibility with national energy policy objectives (€g): This criterion measures the energy source
alternatives by their compatibility with the energy polices of a nation, where the government inquires
whether the energy source alternatives align with the nation’s energy goals and policies.

Social acceptance (€g): This criterion evaluates how the energy source alternatives are perceived by societies

and communities, by evaluating any resistance to the energy sources.

Job creation (€44): This ctiterion evaluates the energy soutce alternatives with regard to their direct and/or
indirect job opportunities potentials, thereby affecting the overall economy of a nation.

Energy tariff (€44): This criterion discusses the rate at which energy is sold to consumers, which is directly
related to the costs of generation, transmission, and distribution. This criterion assesses the costs associated
with energy consumption, which varies based on the consumer’s usage pattern, energy source type, and the
time of day the consumption happens.

Cost for generation, transmission, and distribution (€,,): The generation cost involves the cost insured for
the generation of electric power, and the cost insured from the point of generation to the point where it is
ready for distribution is referred to as the transmission cost. The distribution cost is the expenses incurred
for transporting the electricity from the power plants to the consumers, and it includes infrastructure
investment, maintenance costs, and operational costs. This criterion assesses the cost insured before power
is ready to be consumed. The cost for generating, transmitting, and distributing energy varies based on the

energy source type, location, market conditions, and infrastructure efficiency.

Energy storage capacity (€;3): This criterion refers to the amount of energy that the energy source
alternatives have the capacity to store and provide when necessary. The criterion is primarily measured in
either Kilowatt-Hours (kWh) or Megawatt-Hours (MWh).

Eco-friendly (€14): This criterion measures how the energy source alternatives better the environment and

climate conditions or worsen the environment and climate conditions over time.

Security and health hazard (€;5): This criterion measures the security and health challenge the energy source

alternative can pose to people in case of an accident.

Description of the energy source alternatives: The energy source alternatives considered for the selection
analysis are based on renewable enetrgy sources, fossil energy soutrces/natural gas, and nuclear energy
sources. Tables 4 and 5 cleatly explained the energy source alternatives.
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To determine the most suitable energy source for use based on expert knowledge, three energy source experts
(I, 11, and 1II) were approached to give their expert opinions on the seven energy source alternatives, and
their opinions in terms of LVs are presented in Tuble 6.

Table 4. Energy source alternatives I.

Energy Source  Type Source(s) Processes Environmental Advantages
Alternatives Impacts
Hydropower (E;) Renewable  Water water source, Disruption of the Clean energy,
energy source, water  turbine, generator, ecosystem via cheap energy
reservoir, transmission damming, fish source, energy
dams migration, and independence
alteration of natural
water flows
Coal power (E,)  Fossil fuel  coal Coal mining, coal Emission of carbon  Cheap energy
pulverization, dioxide, habitat source, energy
combustion, steam destruction, soil independence
generation, turbine erosion, and water
and generator, contamination
cooling,
transmission
Natural gas Fossil fuel ~ Natural gas Drilling and Emission of Emit less
power (E3) fracking, methane (A potent  greenhouse gas
combustion in a gas  greenhouse gas), than coal
turbine, turbine and  water pollution, and  power, a cheap
generator, heat air pollution due to  energy soutce,
recovery, cooling, nitrogen oxides and  and energy
transmission sulphur dioxide independence
Wind power Renewable  Wind blow Wind turbine, Noise pollution No greenhouse
(Ey) energy energy conversion, gas emission,
transmission cleaner energy
source, energy
independence,
etc.
Table 5. Energy source alternatives II.
Energy Source Type Source(s) Processes Environmental Advantages
Alternatives Impacts
Solar power (Eg) Renewable Sunlight PVS: Solar panel, Mining of No greenhouse
energy electricity silicon affects gas emission,
[Photovoltaic generation, the cleaner energy
Systems (PVS) inverter, mounting  environment, source, energy
and Solar structure, old panel wastes  independence,
Thermal transmission job creation, etc.

Systems (STS)]

STS: Collector,

heat transfer fluid,

electricity
generation,
transmission
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Table 5. Continued.

Energy Source Type Source(s) Processes Environmental Advantages

Alternatives Impacts

Nuclear power  Nuclear energy  Uranium Nuclear fission, Poisonous Reliable and

(E) heat generation, nuclear waste efficient energy
turbine and deposits, air source, job

generator, cooling,

pollution, the

creation, etc.

transmission environment,
and high safety
concerns
Biomass power  Renewable Wood waste, Combustion, Desertification,  Circular
(E;) energy agricultural gasification, air pollution, economy, waste
residues, anaerobic land pollution management,
animal wastes,  digestion, energy
algae, food fermentation, independence,
waste, trans-esterification, cleaner energy,
municipal solid  electricity job creation, etc.
wastes generation, and
transmission
Table 6. LVs from energy source expetts.
Energy Hydro Coal Natural Wind Power Solar Nuclear Biomass
Sources and Power (E;) Power Gas Power (E,) Power Power (Eg)  Power
Criteria (Ez) (E3) (Es) (E7)
G, VH,VH, H  HVHH VHVVHYV  H,HMH VHVHYV VHVVHVV ~ HMHV
H VH H H
G, VH,VH,H  VHHMH MHFF VH,VH,H LLML  MLLL MH,H,F
(UN VH, VH, H HMH,VH MH,VH,VH MHJFF VH,VVH, VH,VVHVV VL,LLVL.
VH H
G, H,MH,VH H,VH,H VH,H,VH LMLML VVH,VH, L,VIL,VVL H,MH,H
VVH
G, MH,F,F VH,VVH, VHJVHH VLVVLVL VVL,VL, VHVVHVH  HMHH
VH EL
G, MH,H,MH MHMHM MHMHF VVHVHVH  VVHVH, MH,HJF ML,L,F
H H
G, F,MH,ML HMHMH ML, LML VL,IL,VVL EML,F  VHHVH VH,VVH,
VH
(G VH,VH,VVH MLJF L VH,VVH,V VHVHVVH  VVHVV FMLL VH,VVH,
H H,VH VVH
G, VH,VH,VH H,VHMH VHVHVV VVHVHVH VVHVV VHVHVH F,ML,L
H H,VVH
Cio H,H,MH VH,H,VH HHH MH,F,MH VH,VH,V H,MHMH H,VH,H
H
G, VH,H,H F,F,ML VH,H,H F,ML,ML MHMH, H,HVH MLML,F
F
G, H,H,H HHMH — HHVH MH,F,F ML,LML VHVHVH F,F,ML
(G MH,MH,F H,H,H H,H,H H,VH,H VH,H,VH VHVHH H,MH,H
(G F,F,MH LLVL MH, MH,F  VVH, VVH, I, VL, VVL VH,H,VH
VVH,EH EH,VVH
(G ML,IL HHMH  LLML VVLVVLEL ELELV VVHEHVH  MLLML

VL
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The three LVs under each of the energy soutrces are from the three energy source experts. The LVs were
converted to Q-ROFNs based on the information in Table 3 to get Tables 7-9. To determine the most suitable
renewable energy source for adoption based on the data collected from the three renewable energy source
experts, the techniques of MCGDM and MADM are deployed.

5.1| Multi Criteria Group Decision Making Algorithm

Consider an MCGDM problem with "p" alternatives E; = {El, E,, ..., Ep}, "r" criteria §; = {€,, €,, ..., €.}, and
1 experts k= {e;, ey, ..,e;} were requested to evaluate the alternatives with the weight vectors @ =
{w, @y, ..., @}, satistying @; € [0,1] and }j_; @wj = 1. Using the previous information, the MCGDM

algorithm is presented as follows:

Step 1. Obtain the Q-ROF decision matrices using the data given by the I experts as follows:

G . G S
B, [(EmiY Enl) . (Emf].‘),Enfj‘)) v (En®,E, 1)

Q(k):]{;il (Emi(i()jEni(i()> <Emi(,-k)iEnfjk)> (Emﬁ‘)iEnﬁ‘)) | ©)
B <Em$fEn$b . <Em$fEn$b . <Em$iEn$b

where Q) = [Q.(k) o = [mi(jk),n(k) andk=1,2,...,1L

lj l] pXr
Step 2. Find the benefit criteria and cost criterion for the criteria, where the cost criterion is the least criterion
with the least membership grade, and the other criteria are the benefit criteria.

Step 3. Use the criteria in S%p 2 to normalize the Q-ROF decision matrices QW via Fgq. (70).

~ Qf]k ), for benefit criteria,
QW = (o° o (10)
Qi for cost criteria.

Step 4. Take the average of QI by the number of the experts and then find the Q-ROF decision matrix
average Q-ROFMA using Eg. (17).

& . G . Gy
El /(I’ﬁll, ﬁll) CLEl (I’ﬁlj, ﬁlj) as (I’ﬁlq’ ﬁlq)
" o PO ® K ~ o (1)
[Qij]pxq = [mij'nij]pXr = E1 <m11: ;) (my; :nij ) (mlq: fiig) |,
o ' K (K P
Ep (Mpq, fipg) . (m;j),nl(oj)) (Mpg, fipg)
q w@j ©;
where (i) = (1~ Tees (1~ (mg)")", Thcs ()™
Step 5. Find the ideal alternative, E* = {E},Ej, ..., E;}, wherte E{f is determined based on Eg. (12).
+ A.
B o Qy 12)

Step 6. Compute the distance 4, (E;, E*) between the ideal alternative E*and each of the alternatives, E;, using
the discussed distance methods.

Step 7. Arrange the alternatives E; according to the outcomes obtained in S7p 6.
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Step 8. Decide the best energy source alternative based on the highest ordering rank. The algorithm of the
MCGDM technique is represented in Frg. 2.

Obtain the - ROF Identify the cost
decision matrices form criterion and betiefit
the cbtained ILVs critera

_ Compute the o Obtain the nomialized
Determine the ROF decision q-ROF decision

idesl altemative matrix average matrices

Calculate the Fank the
distance between the altermatives in Drecide the suitable

EERTY SO1MCE ascending order EHNEITY SOTHCE

alternatives and the based on their alterative using
ideal altematives distanice outpits the highest mnk

Fig. 2. Flowchart of MCGDM.

5.1.1| Implementation of the multi criteria group decision making algorithm

Now, we use the MCGDM’s algorithm to obtain a suitable decision. Using S#p 7, we obtain the Q-ROF
decision matrices as presented in Tables 7-9.

Table 7. Q-ROFNs from energy source expert I.

Energy Hydro Coal Natural Wind Solar Nuclear Biomass
Sources and Power Power Gas Power Power Power Power Power
Criteria (Ep) (E2) (E3) (Ey) (Es) (E¢) (E7)
(CH <0.80> <0.70> <0.80> <0.70> <0.80> <0.80> <0.70>
0.15 0.20 0.15 0.20 0.15 0.15 0.20
c, <0.80> <0.80> <0.60> <0.80> <0.25> <0.4-0) <0.60>
0.15 0.15 0.30 0.15 0.60 0.50 0.30
[CH <0.80> <0.70> <0.60> <0.60> <0.80> <0.80> <0.10>
0.15 0.20 0.30 0.30 0.15 0.15 0.75
€, <0.70> <0.70> <0.80> <0.25> <O.90> <0.25) <0.70>
0.20 0.20 0.15 0.60 0.10 0.60 0.20
(G <0.60> <0.80> <0.80> <0.10> <0.05> <0.80) <0.70>
0.30 0.15 0.15 0.75 0.90 0.15 0.20
(G <0.60> <0.60> <0.60> <0.90> <0.90> <0.60> <0.40>
0.30 0.30 0.30 0.10 0.10 0.30 0.50
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Table 7. Continued.
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Table 9. Q-ROFNs from energy source expert III.
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Table 10. Normalized Q-ROF decision matrix from energy source expert I.

Energy

By S7ep 2, the cost criterion is the security and health hazard, represented by €;5.Then, €5 is used to get the

normalized Q-ROF decision matrices QI by Sz 3, as presented in Tables 10-12.
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Table 10. Continued.

Biomass

Nuclear
Power

(Eo)

Wind Solar

Natural

Coal

Hydro
Sources and Power

Criteria

Energy
U

Power

(E7)

Power

(Es)

Power

Gas Power
(E3) (Ey)

Power

(Ez)

(Ey)

\/\/\/\/\/
© OO SO OO 1NO O
W Sy NG I
S OSSOSO SO SO IO

— —— —— — ——

)))))
© SO 1NO NN SO O
N AN® —RQ N O Oy
S SO OSS SS SO S

— —— —— — ——

\/\./\/\/\./
S OO OO 1RO SO 9
L MMF N o He 9
S OS SS SS SH g
e e e |

\/\/\/\/\/
S SO SO SO SO )
N e Mk Noy Aoy Q
S OO SS SS SS g

—~— —— —— — ——

———— |
O NO OO0 OO SO N
O =N NN NO MO
=E=l==l=g=I=g=l=g=!

—~— —— —— — ——

———— ]
O OO o oW o0 o
[=R=]=) O o0 o0 o

————

\./\./\./\./\./
O INO SO SO SO g
QR I NWO mn 1 )
S OSOS SS oS oo g

— —— —— — ——

(512
(513
(514
(515

Table 11. Normalized Q-ROF decision matrix from energy source expert II.
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Table 12. Normalized Q-ROF decision matrix from energy source expert III.

Energy Hydro Coal Natural Wind Solar Nuclear Biomass
Sources and  power Power Gas Power Power Power Power Power
Criteria (E1) (Ez) (E3) (Es) (Es) (Ee) (E7)
(N <O.70> <O.70> <0.80> <0.60> <0.90> <0.90> <0.80>
0.20 0.20 0.15 0.30 0.10 0.10 0.15
¢, <0.70> <0.60> <0.50> <0.70> <0.40> <0.25> <0.50>
0.20 0.30 0.40 0.20 0.50 0.60 0.40
€ <O.70> < .80> <0.80> <0.50> <0.80> <0.90> <0.10>
0.20 15 0.15 0.40 0.15 0.10 0.75
(O <0.80> < .70> <0.80> <0.40> <0.90> <0.05> <0.70>
0.15 .20 0.15 0.50 0.10 0.90 0.20
Cs <O.50> < .80> <0.70> <0.10> <0.00> <0.80> <0.70>
0.40 15 0.20 0.75 1.00 0.15 0.20
C, <O.60> < .60> <0.50> <0.80> <0.70> <0.50> <0.50>
0.30 .30 0.40 0.15 0.20 0.40 0.40
(% <0.40> < .60> <0.40> <0.05> <0.50> <0.80> <0.80>
0.50 .30 0.50 0.90 0.40 0.15 0.15
Cg <0.90> < .25> <0.80> <0.90> <0.80> <0.25> <0.90>
0.10 .60 0.15 0.10 0.15 0.60 0.10
(G <0.80> < .60> (0.90) <O.80> (0.90) <0.80> <0.25>
0.15 .30 0.10 0.15 0.10 0.15 0.60
C1o <0.60> < .80> (0.70) <O.60> (0.80) <0.60> <0.70>
0.30 15 0.20 0.30 0.15 0.30 0.20
(G <0.70> < .40> <0.70> <0.40> <0.50> <0.80> <0.50>
0.20 .50 0.20 0.50 0.40 0.15 0.40
(P <0.70> < .60> (0.80) <0.50> (0.40) <0.80> <0.40>
0.20 .30 0.15 0.40 0.50 0.15 0.50
€3 <0.50> < .70> <0.70> <0.70> <0.80> <0.70> <0.70>
0.40 .20 0.20 0.20 0.15 0.20 0.20
(G <0.60> < .10> <0.50> <1.00> <0.90> <0.05> <0.80>
0.30 .75 0.40 0.00 0.10 0.90 0.15
Cis <0.60> < .30> (0.50) <1.00> (0.90) <0.15> <0.50>
0.25 .60 0.40 0.00 0.05 0.80 0.40

Table 13. Computed weights.

By S7ep 4, we compute the weight-criteria for q = 4,5, ...,8, which are presented in Table 13.

Weights q=4 q=5 q=6 q=7 q=8
Wy 0.0778 0.0759 0.0746  0.0733 0.0721
W, 0.0574 0.0582 0.0585 0.0590 0.0595
Wy 0.0700 0.0693 0.0688 0.0683 0.0679
Wy 0.0644  0.0639 0.0636 0.0635 0.0634
Ws 0.0652  0.0647 0.0648 0.0649 0.0649
We 0.0617 0.0621 0.0621 0.0622 0.0624
\z 0.0580 0.0590 0.0597 0.0604 0.0611
Wg 0.0781 0.0777 0.0775 0.0769 0.0760
Wy 0.0792  0.0781 0.0773 0.0764 0.0753
Wio 0.0660  0.0650 0.0640 0.0633 0.0630
Wiq 0.0569 0.0579 0.0582 0.0587 0.0592
Wis 0.0595 0.0600 0.0601 0.0603 0.0606
Wi 0.0662  0.0650 0.0639 0.0631 0.0627
Wig 0.0706  0.0720 0.0735 0.0746 0.0753
Wis 0.0690 0.0711 0.0733 0.0751 0.0765

The Q-ROFMA for q = 4, is presented in Table 14.
presented in Table 14 by Step 5.

In addition, the alternative deal is also obtained and
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Table 14. Q-ROFMA and the ideal alternative based on MCGDM approach.

Energy E; E, E*
Sources
(CH <0.7763> <0 7480> <0 8510> <0 6757) <0 8400) <0 8785> <0 7763> <0.8785>
0.1635 0.1783 0.1275 0.2259 0.1328 0.1129 0.1635 0.1129
(G <0.7373> <0 7183> <O 5370> <0 7763) <0 3198) <0 3198> <0 7303> <0.7763>
0.1835 0.2072 0.3669 0.1635 0.5681 0.5681 0.2013 0.1635
(G <0.7763> <0 7114> <0 7617> <0 5370) <0 8510) <0 8785> <0 7453> <0.8785>
0.1635 0.2158 0.1847 0.3669 0.5078 0.1129 0.2431 0.1129
c, <0.7114—> <0 7480> <0 7674> <0 3720) <0 8701) <0 1922> <0 6757> <0.8701>
0.2158 0.1783 0.1683 0.5281 0.2347 0.7409 0.2259 0.2347
(G <0.5370> <O 8510> <0 7763> <0 1273) <0 1177) <0 8510> <0 6176> <0.8510>
0.3669 0.1275 0.1635 0.8067 0.8636 0.1275 0.2896 0.1275
€, <0.64—73> <0 6000> <0 5759> <0 8400) <0 8229) <0 6295> <0 6068> <0.8400>
0.2551 0.3000 0.3270 0.1328 0.1448 0.2781 0.3096 0.1328
C, <0.5307> <0 6367> <0 3610> <0 2044) <0 4679) <0 7674> <0 6703> <0.7674>
0.3812 0.2656 0.5378 0.7245 0.4373 0.1683 0.2734 0.1683
(G <0.8400> <0 4613> <O 8510> <0 8400> <0 8785> <0 4177> <0 8000> <0.8785>
0.1328 0.4517 0.1275 0.1328 0.1129 0.4939 0.1500 0.1129
C, <0.8000> <0 7303) <0 8400) <0 8400) <0 9000) <0 8000) <0 7531) <0.9000>
0.1500 0.2013 0.1328 0.1328 0.1000 0.1500 0.2013 0.1000
(G <0.6757> <0 7674> <0 7000> <0 5670) <0 8000) <0 6367) <0 7000) <0.8000>
0.2259 0.1683 0.2000 0.3366 0.1500 0.2656 0.2000 0.1500
(G <0.7373> <0 5000) <0 7373) <0 4380) <0 5759) <0 7373) <0 7140) <0.7373>
0.1835 0.4000 0.1835 0.4676 0.3270 0.1835 0.2347 0.1835
(G <0.7000> <0 6757) <0 7373) <0 5370) <0 3610) <0 8000) <0 6608) <0.8000>
0.2000 0.2259 0.1835 0.3669 0.5378 0.1500 0.2462 0.1500
(G <0.5759> <0 7000> <0 7000> <0 7480) <0 7674) <0 7763) <0 6367) <0.7763>
0.3270 0.2000 0.2000 0.1783 0.1683 0.1635 0.2656 0.1683
€y <0.5370> <0 2293) <0 5759) <1 0000) 1.0000> <0 1922) <0 6549) <1.0000>
0.3669 0.6415 0.3270 0.0000 0.0000 0.7489 0.2980 0.0000
€ <0.5759> <0 2442> <0 5759> <1 0000) 1.0000> <0 1161) <0 5370) <1.0000>
0.2879 0.6684 0.2879 0.0000 0.0000 0.9061 0.3474 0.0000

By Step 6, the distances between each E; and E* are obtained using the new Q-ROFDM as follows:

d.(E;, EY) = 0.0908, 4., (E,, E*) = 0.0980, 4, (E5, E*) = 0.0834, 4, (E,, E*) =
0.0161, 4.(Es, E¥) = 0.0063, 4..(E¢, EY) = 0.0764, 4..(E,, E) = 0.0743.

Using the results obtained in S#p 6, we obtain the following ordering; Es < E; < E; < Eg < E3 < E; < E,.
Using the ordering, the MCGDM approach ranks solar energy, Es as the optimal choice for a renewable
energy source. This choice tallies with the fact that solar energy is more feasible, has less risk of failure, is
reliable, has minimal waste disposal, provides job creation, has lower energy tariffs, is eco-friendly, and has
no health hazatds.

5.1.2| Sensitivity analysis based on multi criteria group decision making

Next, we examine the sway of the computed weights and the levels of the Q-ROFSs on the distance outputs
and the interpretation of the results based on the new method. We juxtapose the impact of the distance values
with and without the computed weights on the MCGDM approach. The distance indexes are presented in
Table 15, which are represented in Fig. 3.
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Fig. 3. Sensitivity analysis based on MCGDM.

Table 15. Sensitivity analysis for distance indexes.

Q-ROFDM _ (E“E,) (E“E,) (E*E;) (E“E,) (E“E;) (E'Es) (E"E;)
q=4 d. 0.0907911  0.0980064 0.0834140 0.0161271 0.0063267 0.0763890  0.0743397
av 0.0063179  0.0069118  0.0058038 0.0010913  0.0004055 0.0054181 0.0051559
q=5 4, 0.1014645 0.0953238 0.0963380 0.0046453 0.0011041 0.0622176  0.0873801
ar 0.0072514  0.0068585  0.0068843 0.0003164 0.0000720  0.0045263 0.0062337
q=6 d, 0.1193929  0.0981470  0.1065014 0.0011177  0.0001545 0.0566286 0.0943683
ar 0.0087620  0.0072310 0.0078130  0.0000765 0.0000103  0.0042296  0.0069190
q=7 d, 0.1177607  0.1032568 0.1145380 0.0002147  0.0000174  0.0545340 0.1004280
av 0.0088119  0.0077515 0.0085713  0.0000147  0.0000012  0.0041521 0.0075190
q=8 d, 0.1229157  0.1088507  0.1204719  0.0000329  0.0000016  0.0542012 0.1053623
ay 0.0093259  0.0082792  0.0091417  0.0000023  0.0000001 0.0041762  0.0080058

Table 15 and Fig. 3 show the effect of weights on the precision of the distance metrics. We observe that the

distance metrics built with the weight of elements produce more efficient and precise distance values in

comparison with the distance metrics built without the weights of elements. However, both distance metrics

give the same ordeting as, Es < E, < Eg < E; < E; < E; < E;. Thus, to attain accurate distance outputs, it is

better to consider the weights of elements in a distance metric. In addition, as q increases, the distance values
based on the weights of elements yield better results, while the precision of the distance value without the
weight-element decreases.

5.1.3 | Comparative multi criteria group decision making analysis

To investigate the effectiveness of the novel Q-ROFDM, we compare its interpretation ability with the
existing Q-ROFDMs for q = 8, using the energy source data based on MCGDM. Now, we compute the
distance values between the energy sources and the ideal alternative, and get the ordering in Table 16.
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Table 16. Comparative ordering based on MCGDM.

Q-ROFDMs Ordering Decision
d, Es <E; <E; <E; <E, <E;<E; Eg
dp [70] E, <E;<E,<E;<E <E,<E;, E,
dprq [71] E: <E, <E¢<E;<E; <E; <E, Eg
dpry [71] Es <E,<E;<E;<E <E; <E, Eg
dprz [71] E: <E, <E¢<E;<E; <E; <E, E;g
dpry [71] Es <E,<E;<E;<E <E; <E, E;
dprs [71] E: <E, <E¢<E;<E; <E; <E, E;g
dprg [71] Es <E,<E;<E;<E <E;<E, E;
dpr7 [71] Es <E, <E¢<E;<E; <E; <E, E;g
dprg [71] Es <E,<E;<E;<E <E;<E, E;
dpro [71] Es <E,<E;<E;<E <E;<E, E;
1

dprao [71] Es <E, <E¢<E;<E; <E; <E, Eg
dpra1 [71] Es <E,<E;<E;<E <E;<E, E;

dpg [72] E: <E, <E; <E;, <E; <E, <Es Eg
dgp1 [76] Es <E,<E;<E;<E, <E; <E, E;
dgp [76] Es <E, <E; <E; <E; <E; <E, E;
dkps [76] Es <E,<E;<E;<E; <E;<E, E;
dye [77] Es <E;, <E; <E; <E; <E; <E, E;
dg [78] Es <E,<E,<E;<E, <E; <E, E;
da [79] Es <E,<E;<E;<E; <E;<E, E;
dgk [81] E, <E, <E;<E,<E;<E,<E; E;
dpe [83] Es <E,<E;<E; <E;, <E; <E; E;
dse [84] Es <E, <E; <Es<E; <E; <E, E;g

The information in Table 16 presents a similar ordering between each of the methods, with each method
presenting solar power (Es) as the optimal renewable energy source based on the evaluated criteria.
Notwithstanding, the method dp presents wind power (E,) as the suitable energy source and dgrg [81] shows
that hydropower (E,) is a suitable energy source. The interpretation discrepancies of dp [70] and dg is because
dp is not constructed using the q™ property of Q-ROFSs and dgk excludes the hesitation factor of Q-ROFSs.

5.2 | Multiple Attribute Decision Making’s Algorithm
Consider a MADM problem with "p" alternatives i = {El,El, ...,Ep}, "r" criteria j = {€;, €,, ..., €.} and 1
expert k = {ey, ey, ..., e} are invited to assess the alternatives. The MADM algorithm is as follows:

Step 1. Formulate the Q-ROF decision matrices based on the data provided by the | experts, which is Eg.
(13).

€ .. G . G,
£, [Emi Enl)) Eml Enl) o (Em(D,E,()

E(k)=E§iI <Emi(i():’Eni(i()> <Emi(jk)iEni(jk)> <Emi(f)iEni(f)> | 13)
B \ (BBl (BB ) (500 E,)

where E® = [Ei(jk)] = [Emi(].k),Eni(jk) for k=12,..,1, E; indicates the energy source alternatives
pxq pxr

(i=1,2,..,p) and €; denotes criteria (j = 1,2, ...,1).
Step 2. Obtain the Q-ROFMA given as Eg. (74).
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E; /( Emllv Enll) (Emlj' Enlj) (Emlr' Enlr)\
B : [ : _ B : _ _ : _ I
E=E (Emil' Enil) (Emi]-; Eni]') <Emir: Enir) )
. 3 P . i . 3 P
p (Emplv Enpl) (Empj' Enp]') (Empr' Enpr)

1 )
O\ _w = _ (= _ Zk=1Ej
”ﬂj)—EandE—(&Omr— —

Where Q-ROFMA(E”, E

ij B

Step 3. Compute the distance indexes between E; (i =1,2,...,7) and the perfect energy source alternative
I defined as:

- { (1.0,0.0), (1.0,0.0), (1.0, 0.0), (1.0, 0.0), (1.0, 0.0), (1.0, 0.0), (1.0, 0.0), }
~ 1(1.0,0.0), (1.0,0.0), (1.0, 0.0), (1.0, 0.0), (1.0, 0.0), (1.0, 0.0), (1.0, 0.0), (1.0, 0.0)J’

Step 4. Find the minimum distance, denoted as d*(E;, I) and defined as Eq. (75).

d*(E, D) = 1rsr]1ér1lo{d(Ei' D}.

(15)
Step 4. Compute the degree of confidence denoted as I1 and defined as Eq. (76).
p
=) Jd(E; D) - d" (8, D (16)
i=1

Step 5. The suitable energy source alternative is the one whose distance from I is the smallest. The algorithm
of the MADM technique is presented in Fig. 4.

Obtain the - ROF
Fomulate the g-ROF decision matrix

decision matrices averaze

Compute the Compute the distance

degree of Find the sainismm between the enerzy
confidence distance souce altermatives and

the perfect alternative

The smtable efergy
somrce altermative is
the one with the
least distatice with
the perfect

alterniative

Fig. 4. Flowchart of MADM.
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5.2.1| Implementation of the multi-attribute decision making’s algorithm

Using S#ep 1, we convert the LVs from the three experts to get the Q-ROF decision matrices. By S7p 2, we

take the average of the Q-ROF decision matrices and get the Q-ROFMA. The MCGDM algorithm has

implemented these steps. Based on S7p 3, the distance indexes between E; (i = 1,2, ...7) and I based on the
new Q-ROFDM for q = 4 are as follows:

a.(E;, 1) =0.4106,4.(E,, 1) = 0.4188, d,(E5, 1) = 0.3720, 4,(E,4, 1) = 0.4300,
13
d.(Eg, 1) = 0.3400, d,(Eg, 1) = 0.3401, 4,(E;, 1) = 0.4934. (13)
By S#ep 4, the minimum distance value is &; (E;, I) = 0.3400, and the degtee of confidence is I1 = 0.4249 using

Step 5. From Step 6, the most efficient energy source alternative is Es, which represents solar power. The
ranking of the energy source alternatives based on MADM is: E5 < Eg < E3 < E; < E; <E; <E,.

5.2.2| Sensitivity analysis based on multiple attribute decision making

Next, the impact of the computed weights (in Tabl 7) on the new method is investigated by comparing the

results and interpretations of the method with and without the weights for q = 8 using the MADM approach.
The distance indexes are presented in Tuble 17 and Fig. 5.

0/7

0/6

0/5
0/
0/
0/2
0/1 "
0 -_——
d_* 4w . :‘: .'

m(E_1,I) m(E_21) ®(E3]I)

~

[SN]

(E_4,1) m(E_51) mE_6I) mE_TI

Fig. 5. Sensitivity analysis based on MADM.
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Table 17. Sensitivity analysis for distance indexes based on MADM.

QROFDM__ (E;,D (E, D (E;D (E,D (B D (EeD (E;D
q=4 d, 0.0921 0.0982  0.0855 0.0158 0.0061 0.0760 0.0809
ar 0.0064  0.0069  0.0059 0.0011 0.0004 0.0054 0.0056
q=5 d, 0.4744  0.4830 0.4244 0.4691 0.3625 0.3708 0.5537
ar 0.0311  0.0323  0.0274  0.0303 0.0226 0.0245 0.0365
qg=6 d, 0.5342  0.5465 0.4751 0.5046  0.3836  0.4026 0.6068
ar 0.0351 0.0365 0.0309  0.0326 0.0240 0.0266 0.0400
q=7 4, 0.5892  0.6070  0.5233  0.5363 0.4037 0.4349 0.6534
ar 0.0388  0.0406  0.0342  0.0346 0.0253 0.0286 0.0431
q=8 4, 0.6390  0.6630  0.5688  0.5650 0.4234 0.4673 0.6942
ar 0.0421  0.0444  0.0373  0.0365 0.0267 0.0307 0.0458

Table 17 and Fig. 5 show the effect of weights on the precision of the distance metric. It is observed that the
distance metrics built with weight-element produce more efficient distance values in comparison with the
distance metrics built without the weight-element, and both distance metrics give the same ordering as, Es <
E¢ < E3 < E; < E, < E; < E;. Thus, to attain accurate distance outputs, it is better to consider the weights of
the elements in a distance metric.

5.2.3 | Comparative analysis based on multi-attribute decision making approach

To investigate the effectiveness of the new Q-ROFDM, we compare it with the existing Q-ROFDMs for q =
8, and p = 2, using the energy source alternatives data based on the MADM approach to show its
effectiveness in terms of decision interpretation. Now, we compute the distance values between the energy
source alternatives and the ideal alternative and get the ordering in Table 78.

Table 18, which presents the ordering of the energy source alternatives based on the new and existing Q-
ROFDM via MADM, shows a similar ordering between each of the methods, with each method presenting
Es as the optimal energy source alternative based on the evaluated criteria. However, the methods: dp [70],
dpg [72], drk [81], dpe [83], and dse [84] vield dissimilar decisions because of their construction defectiveness.

Table 18. Comparative ordering based on MADM.

Q-ROFDMs Ordering Decision
da, Es <Eg <E; <E; <E, <E, <E; E;g
dp [70] E¢ <Es <E; <E, <E,<E,<E, Eq
dpr [71 Es <Es<E, <E;<E; <E,<E, E;g
dpry [71 Es <E¢<E, <E;<E;  <E; <E, E;g
dprs [71 Es <E¢ <E; <E;<E; <E;<E; E;g

]

]

]

] Ec <E¢<E,<E;<E, <E;<E, E;

] Es <E¢ <E; <E;<E; <E; <E; E;g
dprg [71] Es <E¢<E, <E;<E;  <E; <E, E;g

]

]

]

1

dpro [71 Es <E¢ <E; <E;<E; <E; <E; E;g
dprg [71 Es <E¢<E, <E;<E;  <E; <E, E;g
dpro [71 Es <E¢ <E; <E;<E; <E; <E; E;g
dprao [71] Es <E¢<E; <E;<E; <E;<E; E;g
dpra1 [71] Es <E¢<E;<E,<E <E;<E, E;
dpg [72] E; <E; <E; <Eg<E;<E; <E; E;
dgp1 [76] Es <E¢<E, <E;<E; <E; <E, E;
dgp [76] Es <E¢ <E, <E;<E; <E; <E, Eg
dkps [76] Es <E¢<E, <E;<E; <E; <E, Eg
dye [77] Es <E¢ <E, <E;<E; <E; <E, Eg
dg [78] Es <E¢<E, <E;<E; <E;<E, Eg
da [79] Es <E¢ <E, <E;<E; <E; <E, Eg
dgk [81] E¢ <E, <E, <E <Es<E;<E, Eg
dpe [83] E¢ <Egs <E;<E; <E;<E; <E, Eg

dse [84] Ec <Es <E, <E;<E; <E; <E, E¢
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5| Conclusion

Energy sources are very significant to the sustenance of life. Due to the damaging effects of some energy
source alternatives on the ecosystem, in terms of global warming, it is expedient to select an efficient and eco-
friendly energy source alternative. Oftentimes, the process of selection is encumbered with fuzzy and
hesitation factors, which need to be curbed to enhance reliable selection. Based on this, this article has
presented a novel Q-ROFDM, which is effective in making a reliable decision. The novel efficient Q-ROFDM
was described to show superiority over some extant Q-ROFDMs.

In addition, the optimization of energy source selection was considered using the novel distance technique,
which selected an efficient energy source alternative from among the several energy source alternatives
considered using assorted energy criteria based on the decision-making approaches. In recap, the article
constructed an innovative Q-ROFDM, described the innovative Q-ROFDM based on the distance metric
conditions for the aim of validation, utilized the innovative Q-ROFDM to augment an effective selection of
eco-friendly energy source alternatives based on MCGDM and MADM, and presented a comparative analysis
of the innovative Q-ROFDM to buttress its advantages over the existing Q-ROFDMs.

The developed Q-ROFDM is appropriate, reliable, and can be adopted in other uncertainty fields. Although
the novel Q-ROFDM is compelling in real-life applications, it cannot be helpful where the available data are
spherical fuzzy sets, interval-valued Q-ROFSs, neutrosophic Q-ROFSs, and bipolar spherical fuzzy sets due
to its construction limitations. However, the new Q-ROFDM can be extended to these environments with

minimal modifications and used for group decision-making.
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