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Received Abstract. In the context of addressing global energy needs and climate

04 February, 2025 change, the transition to sustainable energy systems has become one of
the most important objectives, and in this context. Solar-thermal energy

Accepted systems are among the most important sources of renewable energy solu-

19 October, 2025 tions. However, existing research on solar-thermal energy systems often

falls short in effectively handling uncertainty and the credibility of expert

Published Online evaluations, which are essential for ensuring reliable decision-making.
13 November, 2025 Traditional methods still focus on deterministic or simplified models, ne-

glecting the intricate and uncertain evaluations present in real-world sit-
uations. To address these shortcomings, this study employs intuitionistic
fuzzy credibility numbers (IFCNs), which explicitly incorporate member-
ship, non-membership, and credibility degrees, enabling a more compre-
hensive representation of uncertain and hesitant information. Based on
IFCNSs, we introduce a new, more effective method of handling credibil-
ity in aggregation named the generalized intuitionistic fuzzy credibility
numbers weighted averaging (GIFCNWA) operator. Based on this opera-
tor, a multi-attribute decision-making algorithm is proposed that integrates
attribute importance and reliability of evaluations. The proposed method-
ology is applied to a real-world decision-making problem in solar ther-
mal energy storage by considering four options: nanostructured absorber
coatings, advanced phase-change materials, high-temperature alloys, and
adaptive control systems. The results identify nanostructured absorber
coatings as the most optimal solution. A parametric sensitivity analysis is
conducted, demonstrating the robustness and stability of the proposed op-
erator under varying parameter conditions. A comparative analysis with
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existing decision-making techniques reveals the superiority and consis-
tency of the proposed operator in delivering reliable results.

Key Words: Intuitionistic fuzzy set, Credibility numbers, Generalized intuitionistic fuzzy
credibility numbers weighted averaging operator, Multi-attribute decision-making, Sustain-
able energy systems, Solar energy

1. INTRODUCTION

Due to the rising global energy demands, the shift to sustainable energy sources has be-
come one of the primary concerns of the 21st century, driven by increasing energy needs,
the depletion of fossil fuels, and the urgent need to mitigate climate change. Among the
various renewable energy sources, solar thermal energy can capture solar radiation and
convert it into heat energy with remarkable efficiency. This makes solar thermal energy a
fundamental component of sustainable energy generation and storage systems. In recent
years, extensive research has been conducted to advance thermal energy storage technolo-
gies, which play a crucial role in bridging the gap between the availability of solar energy
and fluctuating demand. This enhances system efficiency and reliability by storing excess
thermal energy for later use, thereby ensuring a continuous energy supply and improv-
ing economic feasibility. Many thermal energy storage systems, whether utilizing sensible
heat, latent heat, or thermochemical heat, continue to show considerable promise in solar
applications [9]. Their findings show that thermochemical systems can substantially re-
duce storage volume, while materials such as molten salts and graphite can be utilized as
high-energy-density and thermally conductive materials to create effective energy storage
systems.

Building upon recent advancements, research has also considered the combination of
solar thermal systems with thermal storage into fossil fuel-powered plants, concentrat-
ing primarily on the techno-economic viability of such hybrid configurations [5]. This
study highlights how combining a fuel plant with a 4-hour delay thermal energy storage
system significantly enhances the system’s performance, reduces fuel consumption, and
provides substantial savings, underscoring the economic and environmental viability of
solar-assisted thermal plants. In addition to these, the growing importance of concentrated
solar power technologies in achieving sustainable energy targets has also been recognized
[15]. These systems, capable of operating beyond daylight hours through efficient energy
storage, have more benefits compared to traditional photovoltaic systems. The authors em-
phasized that continuous advancements in energy storage technologies, in conjunction with
innovative designs and cost reductions, are necessary to make solar thermal systems com-
petitive and scalable. The authors also stated that, despite all these innovative efforts, the
system design and optimization of solar energy systems continue to outperform due to the
uncertainty of the complex interdependencies between the performance parameters of the
systems and their surrounding environment. Despite these efforts, decision-making under
uncertainty remains a major challenge in the design and optimization of solar energy sys-
tems, primarily due to complex interdependencies among performance parameters and the
variability of environmental factors.
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Traditional optimization and decision-making approaches in solar energy research often
rely on deterministic models, which fail to adequately capture the uncertainty, hesitation,
and credibility of expert evaluations. These limitations can lead to the inappropriate priori-
tization of options and a less-than-ideal configuration of systems. To overcome these short-
comings, fuzzy set theory and its extensions have been widely employed to handle vague-
ness and ambiguity in decision-making. Within this context, among the various fuzzy set
operations, fuzzy aggregation operators are particularly powerful in consolidating uncertain
and conflicting data, thereby providing a flexible and reliable framework for multi-attribute
decision-making (MADM) problems. Over the years, several intuitionistic fuzzy aggrega-
tion operators, such as the intuitionistic fuzzy weighted averaging and intuitionistic fuzzy
ordered weighted averaging operators, have been developed to extend the conventional
fuzzy logic framework by incorporating the degrees of membership, non-membership, and
hesitation. These operators have been successfully applied across domains, including re-
newable energy planning, supplier selection, and risk assessment, offering a more flexible
representation of uncertainty compared to classical fuzzy methods. These operators, al-
though mathematically attractive, fail to address substantial flaws in real-world scenarios
and empirical decision-making contexts. Most existing models assume uniform reliabil-
ity of information and fail to distinguish between highly credible and less reliable expert
evaluations, resulting in biased aggregation results. Moreover, they often struggle to effec-
tively capture the multi-dimensional nature of uncertainty, particularly when hesitation and
vagueness coexist with variability in credibility. The aggregation process in such opera-
tors tends to oversimplify uncertain information, neglecting the confidence level associated
with each judgment. As a result, their outcomes may lack robustness and interpretability
in dynamic environments, such as energy system optimization, where decision parameters
are interdependent.

To address these critical limitations, this study introduces the GIFCNWA operator as
a new robust aggregation tool, integrating IFCNs to incorporate the credibility and reli-
ability of expert evaluations explicitly. This proposed operator still captures any hesita-
tion and uncertainty, but now it also adjusts according to the credibility of the parameters,
thereby improving the realism and accuracy of the outcome. Unlike traditional aggrega-
tion approaches that treat all expert opinions with equal weight, the GIFCNWA operator
differentiates inputs based on their reliability and contextual significance, thereby reducing
the impact of inconsistent or less credible information. Furthermore, the operator demon-
strates mathematical stability and adaptability, enabling consistent performance across di-
verse decision-making environments. Its design accommodates the combination of quali-
tative and quantitative analyses, facilitating the integration of subjective evaluations with
objective numerical data. From this, a MADM methodology is constructed to facilitate
the proposed advanced aggregation tool’s integrated evaluation of complicated systems in
a straightforward and accountable manner. To demonstrate the applicability and effective-
ness of the proposed approach, a real-world application of solar thermal energy storage
systems is provided as a case study. By incorporating credibility-based intuitionistic fuzzy
modeling and sophisticated aggregation, this study advances decision science in the context
of optimizing renewable energy resources. The proposed GIFCNWA framework effectively
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addresses the demands of reliable and intelligent decision-making systems, thereby bridg-
ing the gap between theoretical advancements and practical applications within the domain
of sustainable energy systems.

1.1. Literature review. Fuzzy sets have revolutionized the handling of uncertainty and
vagueness in various fields [46], allowing elements to possess a degree of membership
rather than being limited to binary inclusion. Since then, this foundational concept has
evolved through numerous extensions and has been widely applied across scientific and
engineering domains. Fuzzy set theory was a great leap beyond classical set theory, as it
can capture more subtle real modeling of real phenomena characterized by fuzziness [14].
Extensions such as HyperSoft Sets, Super HyperSoft Sets, and Indeterminate Soft Sets
have emerged to address complex data-driven applications, particularly in databases and
real-world decision-making problems. Soft set extensions play a crucial role in enhancing
the accuracy and efficiency of healthcare data analysis, as they facilitate better decision-
making and policy formulation [19]. A fuzzy hypersoft set framework with a novel energy
metric based on singular values has been proposed to quantify multi-sub-attribute uncer-
tainty, achieving superior performance in machine learning driven decision-making appli-
cations [23]. A decision-making approach using an interval-valued neutrosophic soft set
has been presented to ensure fair distribution of financial aid [39]. Building on this foun-
dation, fuzzy environments have also been refined through approaches such as Fermatean
fuzzy sets and linguistic variables, which have further strengthened decision-making in un-
certain contexts [13]. Moreover, Fuzzy set theory has been combined with number theory
to produce hybrid frameworks, such as linear Diophantine fuzzy sets, with applications
to pharmacology, power, and finance [3]. Recent innovations, including new extension
principles and o weak operations, have been introduced to overcome the limitation of the
traditional fuzzy set methods, enabling fuzzy sets to tackle problems involving incomplete
or inconsistent data [25].

Traditional fuzzy sets are extended into intuitionistic fuzzy sets [7], which account for
both the membership and non-membership degrees of a set element, thereby guiding un-
certainty more effectively. In recent years, intuitionistic fuzzy sets have been increasingly
applied in various fields, particularly in natural decision-making and mathematical mod-
eling. A more comprehensive framework for dealing with uncertainty, in contrast to tra-
ditional fuzzy sets [26], is built based on intuitionistic fuzzy sets, which include a mem-
bership degree, a non-membership degree, and a degree of indeterminacy. It is particu-
larly well-suited for group decision-making problems where the pros and cons, as well as
the uncertainty of several alternatives, are to be considered without pairwise comparison
[31]. In multi-criteria group decision-making, determining criteria weights using triangu-
lar intuitionistic fuzzy numbers is proposed, which highlights the significance of consensus
among experts and allows for hesitant judgments [22]. The correlation coefficients for in-
tuitionistic fuzzy sets have been developed, and their work has improved the reliability of
multi-criteria decision-making applications in various cases, such as medical diagnosis and
clustering, demonstrating better performance than ordinary coefficients [8]. A bibliometric
analysis of fuzzy research advancements in Pakistan [41] has been conducted highlighting
the publication growth research trends in theoretical and applied decision-making domains.
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Intuitionistic fuzzy methods are applied practically in portfolio decision models to achieve
return targets while controlling risk using a differential evolution algorithm [48]. Although
intuitionistic fuzzy sets possess properties that are useful for dealing with uncertainty, some
researchers claim that they are too complex, making it difficult to apply the framework in
practical applications where straightforward decision-making models are required.

To enhance reliability and interpretability in decision models, the concept of credibil-
ity numbers was introduced. Originally emerging from actuarial and statistical domains,
credibility theory provides a mathematical basis for combining information from multi-
ple sources and quantifying the reliability of estimations [12]. When extended into fuzzy
systems, credibility measures enable ranking and comparison of fuzzy quantities, thereby
enriching decision-making processes with an additional layer of trust evaluation [21]. This
led to the development of IFCNs [34], which integrates membership, non-membership,
and hesitation degrees along with their corresponding credibility measures. By quantifying
both uncertainty and confidence simultaneously, IFCNs improve the reliability of fuzzy as-
sessments and allow more trustworthy decision-making. Their usefulness has been demon-
strated in fields such as railway train selection and portfolio decision-making. Furthermore,
credibility entropy measures associated with IFCNs have enhanced pattern recognition and
survey sampling precision [47]. In the context of electronic data interchange, Pakistan [37]
shows how this approach reduces ambiguity and increases the validity of survey results.
For statistical decision-making when information is uncertain, interval-valued intuitionistic
fuzzy confidence intervals are developed. Many of the same intervals apply to other statis-
tical measures, including population means and proportions, and may be viewed as fuzzy
hypothesis tests. In the case of incomplete data, they provide a robust decision-making
framework [24]. The credibility measure for intuitionistic fuzzy variables quantifies the
likelihood of fuzzy events, providing a foundation for calculating expected values and en-
tropy. This measure is crucial for transforming fuzzy inventory models into deterministic
problems, which can then be solved using soft computing techniques [18, 35]. IFCNs are
utilized to construct similarity measures and a multi-criteria decision-making method [45],
particularly for the performance evaluation of industrial robots. To manage ambiguity in
data, fuzzy credibility rough sets were introduced, which define new aggregation operators
to foster decision-making in green supplier selection [44]. Despite their advantages, IFCNs
can be computationally intensive and require domain-specific interpretation, highlighting
the need for simplified yet powerful tools that preserve credibility without adding excessive
complexity.

The study of aggregation operators remains central to fuzzy and intuitionistic fuzzy
decision-making frameworks, as these operators determine how multiple fuzzy values are
combined into a collective assessment. These operators integrate individual expert evalu-
ations into a unified decision, making them essential for accurate, transparent, and inter-
pretable outcomes. In linguistic interval-valued intuitionistic fuzzy environments, Dempster-
Shafer evidence theory is integrated, and weighted averaging operators are developed that
are invariant and persistent. This way, monotonicity is guaranteed, and paradoxes are
avoided [33] in decision-making situations. Weighted additive and geometric elliptic in-
tuitionistic fuzzy operators provide the means to address non-uniform point distributions.
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In multi-criteria decision-making, these operators are useful for ranking alternatives based
on their distance to an ideal alternative [38]. Various aggregation operators are therefore
developed using new logarithmic operational laws for intuitionistic fuzzy sets. The con-
fidence logarithmic intuitionistic fuzzy Einstein weighted geometric operator and other
such operators present better effectiveness than prevailing methods [36]. In computer sci-
ence and decision-making, the ordered weighted averaging operator has been introduced
by Yager [16]. This enables flexible aggregation according to the weights assigned to mul-
tiple criteria, based on their varying degrees of importance. In MADM, Pythagorean fuzzy
aggregation operators have become essential tools, especially when information is impre-
cise [2]. Improvements in the visualization of complex decision-making situations were
made by using a three-dimensional balance model for bipolar aggregation operators[40].
Experts benefit from this model to understand the aggregation process, such as in the se-
lection of energy technologies. It expanded the applicability of aggregation operators in
dealing with indeterminate information by introducing interval-valued intuitionistic fuzzy
hypersoft sets [49]. Such an approach has been successfully implemented for the material
selection problem, demonstrating its ability to cope with the environment of multi-criteria
group decision-making. Although, aggregation operators greatly improve the decision-
making process but their complexity makes it difficult to interpret and fail to incorporate
the credibility of expert opinions directly, which limits their practical effectiveness.

To address such challenges in decision-making under uncertainty, the MADM frame-
work has emerged as a powerful tool that complements aggregation theory. By integrating
fuzzy and intuitionistic fuzzy aggregation techniques, MADM enhances flexibility and ro-
bustness in decision-making processes across various domains. For example, the fuzzy
MADM method has been proven helpful in the Indonesian property market to help individ-
uals choose appropriate houses [20]. It is essential to recognize that, despite the structured
approaches to complex decision-making provided by MADM, subjective judgments of-
ten pose challenges in practice, and there is a need for robust decision support systems
to enable reliable and accurate results. A MADM approach using neutrosophic credibil-
ity numbers has been proposed, showing the approach’s versatility in allocating renew-
able energy resources in a smart grid [1]. Engineering decision-making involves various
methodologies and frameworks that combine data-driven methods, quantitative analysis,
and stakeholder expectations. Data-driven decision-making is critical to engineering man-
agement, and an advanced analytics capability allows one to achieve such efficiency and
innovation [4]. Historical data is utilized for ranking alternatives in the decision-making
methods [27]. Engineering Management involves utilizing quantitative analysis, as well
as an understanding of the technical requirements and resource availability of the project
[17]. The engineering design process must be multidisciplinary, incorporating stakeholder
needs through the use of value-driven design and Game Theory [43]. Using this process,
which formalizes a decision-making process, conflicts as well as synergies that may exist
among stakeholders are assessed, and an optimal design solution is achieved. MADM has
been used extensively in evaluating the conventional and unconventional machining pro-
cesses to select the most efficient method based on one or many other performance criteria
[10]. A Linear Diophantine Fuzzy Z-number—based decision-making approach has been
proposed to handle uncertainty in textile engineering [30]. MADM, in its versatility, can
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be used for structuring decision processes and improving fairness in practical applications,
such as civil servant recruitment [28]. In this case study, aggregation operators play a
key role in determining preferences and criterion weights in MADM problems [32]. The
aggregation techniques that engineering teams use to synthesize expert opinions [42] can
suffer from inconsistencies that can debase decision quality. Due to its capability of inte-
grating subjective judgments and managing uncertainty, MADM forms a robust framework
for decision-making in mechanical engineering, with a significant impact on the reliability
of decision outcomes. While improvements in aggregation techniques have been made,
there is still considerable work to be done in developing reliable and consistent aggregation
methods for real-world applications.

1.2. Motivation for the research. Modern decision-making faces significant challenges,
particularly in addressing uncertainty, conflicting criteria, and incomplete data. Traditional
methods, such as the weighted average method and simple additive weighting, often fall
short in capturing the complexities of real-world problems. These methods treat all inputs
as equally reliable, failing to account for variations in data credibility or expert confidence.
Moreover, they oversimplify the intricate relationships between attributes, leading to gen-
eralized and often suboptimal solutions. For example, solar-thermal energy systems face
significant challenges due to the inherent complexity of their operation and the interplay
of various performance factors. Current approaches struggle to model the hesitation and
uncertainty involved in determining these complex relationships. Driven by these gaps, we
introduce them as a new framework that combines IFCN with the GIFCNWA operator. A
structure of credibility degrees is proposed to address the shortcomings of traditional meth-
ods by modeling membership, non-membership, and credibility degrees. The GIFCNWA
operator computes a precise aggregation of attributes and takes into account the reliabil-
ity of each evaluation. We investigate redefining MADM, proposing a robust, scalable,
and adaptable framework. Furthermore, this innovative model addresses the difficulties
encountered by current methodologies, allowing decision-makers to determine the best so-
lution in situations where determining the optimal solution is challenging and uncertain.
This study contributes to the advancement of decision science by providing transformative
solutions for real-world applications through this work.

1.3. Research gaps and contributions. Despite significant advancements in MADM meth-
ods, several critical research gaps remain unaddressed, particularly in the context of uncer-
tainty and complexity inherent in real-world decision-making scenarios. However, tradi-
tional approaches often overlook the hesitation, vagueness, and varying degrees of credibil-
ity present in expert evaluations. As a result, they tend to oversimplify the interdependen-
cies among attributes, leading to suboptimal outcomes that fail to reflect the detailed com-
plexities of systems like solar-thermal energy. Beyond that, existing methodologies lack
parameterization, which limits their capability to adapt naturally to changing inputs and
varying conditions. To address these limitations, our research introduces a novel frame-
work that integrates IFCNs with the GIFCNWA operator. By leveraging the flexibility and
depth of IFCNs, this framework models membership, non-membership, and credibility de-
grees with precision, providing a comprehensive representation of uncertainty. The GIFC-
NWA operator enhances decision-making by aggregating these evaluations in a weighted
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and credibility-sensitive manner, ensuring balanced and reliable outcomes. The contribu-
tions of this research are both theoretical and practical in nature. Theoretically, it advances
the field of decision science by introducing an innovative algorithm that bridges the gaps
in existing methodologies. From a practical perspective, it constitutes a scalable and ro-
bust framework to address certain classes of complex real-world decision-making problems
whose effectuation involves uncertainty and interdependent factors. This research makes
significant contributions beyond the challenges in MADM, while also laying the founda-
tion for future innovations in decision-making under uncertainty. The main objectives of
this research are as follows:

e To propose an innovative aggregation method using the GIFCNWA operator that
integrates attribute importance and evaluation reliability.

o To develop a robust MADM algorithm capable of handling uncertainty, hesitation,
and vagueness in decision-making.

e To apply the proposed framework to a real-world problem of optimizing solar-
thermal energy systems and demonstrate its effectiveness in addressing the chal-
lenges of performance and adaptability.

e To contribute a scalable and adaptable decision-making model applicable across
diverse fields, including renewable energy, engineering, and economics.

1.4. Structure of the manuscript. The rest of the article is structured in the following
way for better understanding and clarity:

In Section 2, the theoretical foundation is introduced, where key concepts and prelimi-
naries about IFCNs are defined, which are crucial to understand the methodologies devel-
oped in the remainder. In Section 3, the GIFCNWA operator is proposed. In this section,
we present the mathematical formulation of the operator, along with rigorous proofs of its
central properties: idempotency, monotonicity, and boundedness. These properties guaran-
tee the robustness and effectiveness of the operator. In Section 4, a MADM algorithm is
proposed that integrates the GIFCNWA operator with IFCNs. The algorithm is designed
to respond to uncertainty, hesitation, and interdependencies among attributes with a clear
and replicable step-by-step explanation. Section 5 provides practical utility of the proposed
framework through a detailed case study on solar-thermal energy systems. The algorithm
is illustrated numerically in this section, and its robustness is validated through a sensitiv-
ity analysis. Managerial implications demonstrating the strategic value of this approach
in real-world settings are presented in this section. Section 6 concludes this manuscript in
the form of summarising the findings of this research, pointing to the contributions of this
work, and suggesting future research.

2. PRELIMINARIES.

The IFCNs represent a critical new approach to fuzzy logic as a solution to many
decision-making processes for which uncertainty, vagueness, or lack of information are
key elements. Extending the concept of intuitionistic fuzzy sets, IFCNs integrate three key
elements: membership, non-membership, and a credibility degree to measure their reliabil-
ity. Employing this dual-layer framework provides a complete uncertainty representation
that clearly makes a distinction between inherent fuzziness and the degree of confidence
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in the data. IFCNs are very useful in capturing hesitation and verifying credibility, and
are now applied in fields such as MADM, risk analysis, and resource optimization. IFCN’s
fill a gap between regular fuzzy systems and contribute to robust, informed, and reliable
decision-making.

Definition 2.1. [34] Consider X as a universe set. An intuitionistic fuzzy credibility num-
ber set on X’ can be defined as follows:

P = {<551&(V> C)(S), ﬁ(‘/: C)(5)>‘ 5 € X}7

where i(V,C)(s) : X — [0,1] and 2(V,C)(s) : X — [0,1] are ordered pairs repre-
senting the membership and non-membership values along with their credibility values
respectively. These values must satisfy the conditions 0 < jiy(s) + Py (s) < 1 and
0 < fic(s) + De(s) < 1. Simply, the element (s, ,u(V C)(s) o(V,C)(s)) in P is rep-
resented as p = <,u V,C),v(V, C’)> = <(HV7MC (Dv,D¢)), which is termed as intu-
itionistic fuzzy credibility number.

Definition 2.2. [34] pr S </:L1(V, C), 121(‘/, C)> = <(,[14V1; ,&Cl); (ﬁVlv ﬁC1)> and P2 =
(p2(V,C),02(V,C)) = {(fiv2, fic2), (Pva, Dc2)), then we give the following relations
forn > 0.

(1) p1 2 p2 & fivi = five, flc1 2 fic2, Dvi < Dye, Dor < Doz

(2) pr=p2 p1 2 p2andps 2 p1

(3) prUpz2 = ((fiv1 V fiva, i1 V ficz), (Pvi A Dyva, De1 A De2))

4) p1Np2 = ((fivi A fiva, it A ficz), (Pvi V Dyve, Dot V De2))

5 (p1)¢ = ((Ov1, 7c1), (Ave, ficr))

(©) p1 ®p2 = ((Av1 + v — fvifve, fior + ficz — fcifcz), (Pvidve, DerDes))

(7) p1 @ p2 = ((fiviiive, fic2fice), (Pvi + Dve — Dvibya, Do1 + Doz — Dorbez))

®) np1 = <<1 (=) 1-(1- ﬂCl)n)v (1}\7}1’ f/}n%l)>

O Pl = (A1 ), (1= (1= 2v)" 1 = (1= ben)"))
A score function is a tool that is used in decision-making to transform fuzzy values into
a single numeric score that reflects the straightforward ranking of alternatives. The score
function for comparing IFCNs p; = ((fiv;, ficj), (Dv4, Poj)) § = 1,2, is given below.

> NN

Y (pj) = fvjiic; — Dvivo; Q.1
Fuzzy values are often evaluated by an accuracy function in the context of a scoring func-
tion with respect to accuracy as well as in decision-making. Below gives the accuracy
function for two IFCNs.
H(pj) = fvifios + Dvibo; (2.2)
The following results can be followed by applying the score function.
o If ¥ (p1) < ¥ (p2), thenp; < ps.
o If ¥ (p1) = % (p2), then
(1) If (p1) = A (p2), then fiv1fic1 = fivafice and Dy1Pc1 = Dyales -
(2) If A (p1) < H(p2), thenpy < ps .
(3) It (p1) > H (pz), then py > p .
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3. GIFCNWA OPERATOR

The GIFCNWA operator is a robust mathematical tool that aims to aggregate informa-
tion in a decision-making environment that is uncertain as well as vague. The operator, built
on the IFCNs, effectively incorporates membership, non-membership, hesitation degrees,
and credibility measures into the comprehensive aggregation. The GIFCNWA operator
utilises varying attribute weights and dependencies, thereby providing flexibility to the un-
derlying decision-makers to allocate resources in a balanced manner. In fact, it excels in
this regard by its capacity to simultaneously tackle its fuzziness of data and the reliability
of evaluations which make it particularly suited for MADM problems. By delivering an
effective mechanism for extracting meaningful information, the GIFCNWA operator can
help achieve more accurate and reliable decisions in uncertain situations.

Definition 3.1. Let GIFCNWA : o — 1, if
GIFCNW A(ay, 0, ..., o) = (§10) ® €00 @ ... @ &pall) 7, (3.3)

then the function GIFCNWA is called generalized intuitionistic fuzzy credibility numbers
weighted averaging operator, where 7 > 0, £ = (&1, &2, ..., &r)T being a weighted vector
of a;(j =1,2,..,h), with&; € [0,1],j =1,2,...hand 3, & = 1.

Now, we prove some mathematical properties of this operator. First, we provide the
aggregated value of the proposed operator in the following theorem.

Theorem 3.2. The aggregated value by using GIFCNWA operator is an intuitionistic fuzzy
credibility number, and

h h
GIFCNW A(ay, as, ...,ap) = <<((1 — H(l — ﬂ?/@j)&j)ﬁ’ (1 _ H(1 _ ﬂgw)ﬁj)n>

Proof. The first result follows directly from Definition 2.2. In the subsequent section, we
will first establish the proof

h h
6107 © 630 & ... & Epal —<(1 ~Tla-a e 1-TJa —ﬂ"caff),
j=1

=1

(101~ e %))
3.5)

h
Jj=

h
(IT0-a-sw e,

by using mathematical induction on A:
For i = 2 : Since

ol = (uvuc) (1 =) (- (1 c>)> and
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2
&al @ &al =< <1 — H(l — '[L(]/aj)gj’ (1-— H(l — ﬂ’lcaj)éj>7

k k
Lol ®&al @ ... ol :< (1 - H(1 — A 81— H(1 _ l%a])§7),
j=1 j=1
k
(IT0--sw e J0 -0 -se,)%))

Then, when i = k + 1, according to the operational rules 6, 8, and 9 in Definition 2.2, we
obtain

41 41
§10] ® &0 @ ... B Epp1a) = <(1 - H(l - ﬂ”‘]/aj)gj’ 1- H(l - ﬂgaj)£j>7
=1

(ﬁ(l (- 9Vaj)n)fj7ﬁ(1 -, )) )

i.e, Eq. 3. 5 holds for n = k + 1. Thus, Eq. 3. 5 holds for all /4. Then

h

IIa ﬂ’éw)fj)

j=1

h
GIFCNW A(ay, ag, ...,ap) = <{((1 — H(l — ﬂ?/@?)éj’ 1—
j=1

( 21(1 () 1f[1<1 ~a-ie, )] )

J
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aj

h h 1
GIFCNWA(OQ’O(%...,()[;-L) = <<(1_H(1_ﬂ(}/ )g'j’l_H(l_ﬂnCaj)gj> 5
j=1

Jj=1
1

h 5 :
(1-0-Ta-a-nm®a-a-Tla-a-r,)n®)")
j=1

j=1
O

Hence, the aggregated result obtained through the GIFCNWA operator confirms that the
operator preserves the fundamental structure and properties of [IFCNs.

Theorem 3.3. If all IFCNs o (j =1,2,...,h) are equal, i.e. a; = a, for all 7, then
GIFCNW A(aq, ag, ....ap) = a
Proof.

GIFCNW A(ar, az, ....ap) =(&1a] @ &ald @ ... ® fhag)%l

S|

=L@ ® ... pLaT)
=&+ &+ ... +&)a")

Sie

O

This theorem demonstrates that the operator GIFCNWA exhibits idempotency, where
the same input consistently yields the same aggregated output.

Theorem 3.4. Let
a” = < (minj(ﬂvw , ‘[Lcaj)> , (mao:j(f/v(,j, ve,, )) >,

o = {(masin, i, (mi (o,

Then
a” <GIFCNW A(ay, g, ....a) < at (3. 6)

Proof. Since min;(jiv,,) < fiv,; < max;(jy,;)andmin;(jic,;) < fic,; < maz;(fic,,),
min;(bv,,) < by, < max;(dy,,) and min;(ve,;) < ve,, < maz;(ic,,), for all j,
then

jf[l(l =i, >]f[1 (1 - (maxj(ﬂvaj)Y)gj =1- (maxj(ﬂvaj)>n

and then
(1-

(1_

S =

(- i,

o

—

I
—

j)’wj> ' < maz;fy,, 3.7
J

Similarly, we have

==
S|

Il
N

(1 - ﬂ1‘7/ j)wj) > minjﬂvuj (3 8)
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J
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In the same way, we can get

h 1
n
(1—-11(1_.ﬂgm)uu> < maz;fic,,
j=1
And
h 1
n
(1-Ta-sz)»)" 2 minge,,
j=1
Now,

i=1 i
1 —jﬁl (1 - (1~ ﬁvaj)”fj > <(1 —~ max](yva])>n
{(1 — ﬁ (1 —(1— uvaj)")£j>r > 1 — maz;(dy,,)

Similarly,
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In the same way, we can get

- (1 1_1 (1-a- c>>£) " < masy(v,,)

And

[T (10 o) Y] = mine

j=1
Let GIFCNWA(OQ, o, ....Oéh) =a= <(ﬂvaj,ﬂcaj), (ﬁvaj, l?caj )>, then

(ﬂvaj s [I’Cuj) < m(l.’l?(ﬂvaj P ﬂcuj )
(Z/)Vaj’ ﬁcaj) > min(ﬁvaj ’ ﬁca_j)
From inequalities 3. 15 and 3. 16, we have

@(a) = /&‘Vajﬂcaj - l/)vaj IQCQ]‘ < mam(ﬂvcxjﬂcaj) - min(ﬁvajl/)caj) = @(O{

@(a) = ﬂvajﬂcaj - ﬁvajﬁcaj > min(ﬂvajﬂcaj) - max(ﬁvaj ﬁccxj) = @(a_)
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If % (o) < #(at)and Z (o) < % (™), then we get by the score function 2. 1, that is
a” < GIFCNW A(aq, az, ...ap) < at (3. 17)
If % (o) = #(at), ie. fiv,,fic., — Pv., V., = max(fiv,,fic,,) — min(iv,, ve,,),
then by Equations 3.7, 3.9, 3. 12 and 3. 14, we have
[V, 0oy = MAx(fiv,; 10, ), DV, PC,; = min(dy,,ve,,;)
So,
H(a) = v, e, + W, Ve, = maz(fiv,, fic,,) + min(iv,,ve,,) = A (a
Then it follows from the Definition 2.2, that is
GIFONW A(ay, s, ...,ap) = o™ (3. 18)

If g/(a) = g(a_)’ Le. ﬂVajﬂCaj - ZA/VajﬁCaj = min(ﬂVajﬂCaj) - max(ﬁVajﬁCaj)9
then by Equations 3. 8, 3. 10, 3. 12 and 3. 14 we obtain

)

ﬂ‘/ajﬂcuj = min(ﬂvujﬂcaj)’ ﬁvaj ﬁcaj = max<ﬁ‘/aj ﬁCaj)

So

H(a) = fiv,, e, + v, Vo, = min(fv,, fic,;) + max(iv,,ve,,) = A (a”)
Thus, it follows from Definition 2.2, that is

GIFCNW Aoz, ag, ..., ap) = a” (3.19)

Therefore, from Equations 3. 17 - 3. 19, we know that Equation 3. 6 holds always. [J

This theorem ensures that the output of the GIFCNWA operator is constrained by de-
fined limits based on the input IFCNs.

o = (A, fica,)s Py, Dooe,) )G = 1,2, ..., 1) be two collections of IFCNs, 7 >

0. If fiv,; S fivw;s Oy S BCan ;s Way 2 Wonjs Ve, = Ve, forall j, then
GIFCNW A(ay, ag, ....an) < GIFCNW A(aj, o5, ....a}) (3. 20)

Theorem 3.5. Let o = ((fiv,,,, fic.,, ), (v, Dey,)) (i = 1,2, ..., h) and

Proof. Since fiy,; < fiy,., forall j, then

j=1 j=1
h
-l <=l a-ay.)°
j=1 j=1
h 1 1
(-Te-a)*) < (1-Ta-a.)%)" e
j=1 j=1

Similarly, for all 7, ﬂCaj < ﬂca*j, we have

h L h 1
(1-1‘[(1—;1&”_)51) < (1—H(1—ﬂga*j)5j> (3.22)

j=1



418 Muhammad Zafar Abbas, Rukhshanda Anjum

Now, since ﬁvaj > IQVQ*J_, for all j, then
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( lj 1—(1-12v,;) ")&);21—(1—ﬁ(1_(1—ﬁvw)")5j>£ (3.23)

Similarly, for all j, ¢, > Vc,. ., we have
n 1 h 1
( H 1—(1—pc,, )5j> >1—(1—1‘[(1—(1—00(!*3_)")@) (3. 24)
j=1 j=1
According to the inequality 3. 21 and 3. 22,

(- TL0 -, 50T 0,97 -

j=1 j=1
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Thus, by using the inequalities 3. 25 and 3. 26 we have

il 1 h 1
(0-TTa-az)9)% 0~ TTa-a,)9)°)-
j= . j= 1 . 1
(1 ~-JJ(-q — oy, )N )T 1= (1 H (1-(1 —ﬁcaj)")gf)”) <
(a-TTa-a. )% 0-TTa-a.)%)")
h
(1-0-TTa-0-n m®)ha-a-T[0- =i )%))

Leta = GIFCNW A(ay, ag, ...,ap) and o = GIFCNW A(af, a3, ..., a3).
Then using the inequality 3. 27 , we have

Thus, from Equation 3. 28 , We have % () < & (™).
If () < % (a*), then by Definition 2.2, we can get

GIFCNW A(an, ag, ...,ap) < GIFCNW A(a7, a5, ..., af) (3.29)
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(1—(1—1;[1(1—(1—ﬁvw)")£3)’17) (1 (1—12(1—(1—&%)")@)5)_
(0-TT0-5)9F) (0= T 0. ))F) -

R T—
J
o> lA/Va*le/C

Since /lvaj ﬂcaj < ,LALVW*]. ﬂca*]. and ZA/Vaj ZA/CM =

((1 - ﬁ(l - ﬂ?/a].)fj)’l’)((l — ﬁ(1 - ﬂgaj)fj>$) _

=1

.., for all j, we have
@]

<

Jj=1

(1 -1 —jﬁl (1—(1=dv.)")") )(1 -1 —jf[l (1-(1- VCQ*J)")&):’)
Hence
7= (0 —jf[lu -it)9))(G —jf[lu -, )0 )+

Thus, it follows from Definition 2.2, that is
(3. 30)

GIFCNW A(ay, as, ....ap) = GIFCNW A(af, o5, ....a})
From Equations 3. 29 and 3. 30, we can see that the Equation 3. 20 always holds.

O
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The GIFCNWA operator confirms the monotonicity property by guaranteeing that the
aggregated results improve as the input [FCNs improve.

4. ALGORITHM FOR DECISION MAKING USING IFCNs AND GIFCNWA OPERATOR

The MADM is a powerful tool for addressing complex problems that involve evaluating
multiple conflicting alternatives simultaneously to select the best one. In this way, it allows
decision-makers to systematically trade off a large number of alternatives across multi-
ple dimensions and to decide which criterion or alternatives are most (or least) important.
In this work, we propose a MADM algorithm using IFCNs and the GIFCNWA operator.
This approach, in addition to improving decision making reliability, it also enables a robust
multi—criteria evaluation.

Step 1 (Attributes weights)

The weights of the attributes for each alternative can be determined using the the Analyti-
cal Hierarchy Process (AHP). This way ensures the relative importance of the attributes is
effectively and objectively evaluated.

Step 2 (Input data)

Preferences from decision makers for each alternative and attribute are gathered in the
form of IFCNs. Each IFCN is represented by two ordered pairs: the first pair consists of
the membership grade and its credibility measure, and the second pair comprises the non-
membership grade and its corresponding credibility value.

Step 3 (Aggregation using GIFCNWA operator)

In this step, we apply the GIFCNWA operator to the input data, which is collected as
IFCNs. It aggregates the IFCNs of the attribute, averaged among the alternatives, with the
attribute weights in the alternatives as defined by the decision-makers. To obtain a unified
IFCNs, the aggregation takes into account membership and non-membership grades, as
well as their credibility scores. The aggregated IFCNs are taken as the overall evaluation
of each alternative based on criteria satisfaction and confidence in assessments.

Step 4 (Score function)

After aggregation, a score function is applied to the resulting IFCNs for each alternative.
This function assigns a numerical value to each alternative, reflecting its overall perfor-
mance across all evaluated attributes.

Step 5 (Rank of alternatives)

Using the scores derived from the score function, the alternatives are ranked in order of
preference. A higher score indicates a better-performing alternative, with the highest-
ranked option being the most favourable choice. Conversely, alternatives with lower scores
are deemed less preferable.

The visual representation of the proposed algorithm is shown in Figure 1.

5. MADM wiITH IFCNs AND GIFCNWA OPERATOR

The MADM offers a structured approach for examining and ranking alternatives based
on several conflicting attributes. Combining IFCNs and GIFCNWA operators, this method
handles the uncertainties and complexity of real-world decision-making problems. In the
case of solar thermal energy systems, this approach enables evaluation of alternatives with
the full range of attributes using membership, non-membership and credibility measures.
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Attributes weights

Input data

Aggregation using
GIFCNWA operator

Score function

Rank of alternatives

FIGURE 1. Step-by-step visual overview of the proposed algorithm

The GIFCNWA operator involves a balanced aggregation of attributes, which IFCNs deal
with the vagueness in expert judgments very well. Through this advanced algorithm,
we demonstrate how the challenges of thermal efficiency, material durability, and system
adaptability in solar-thermal systems are systematically resolved to identify the optimal
solution.

5.1. Case study. Solar thermal energy systems are vital components of renewable energy
solutions worldwide, with tremendous potential for generating sustainable power by con-
verting solar radiation into heat and subsequently into electricity. One of the most impor-
tant functions that these systems serve within the context of global energy distribution is
energy decarbonisation, in the sense of reducing dependence on fossil fuels and greenhouse
gas emissions, while simultaneously supporting the transition towards a sustainable energy
future. Unfortunately, solar thermal technologies have yet to live up to their promise re-
garding scalability and efficiency, as challenges such as thermal energy absorption, storage,
and conversion hinder their improvement. For enhancing the system performance, under
such real-world conditions as fluctuating solar irradiance and extreme weather, these in-
efficiencies need to be addressed. Several problems plague solar thermal energy systems,
preventing them from being an effective technology and one that is readily adopted. The
challenges encountered herein include suboptimal absorption of thermal energy due to the
use of suboptimal materials, limited thermal energy storage technology, and inefficient en-
ergy conversion processes. Additionally, environmental variability and high material costs
create further barriers. To address these issues, the focus shifts to selecting critical at-
tributes that ensure efficiency, durability, and adaptability. The Table 1 below summarizes
the selected attributes. Based on the selected attributes, the engineering team identified
the following four alternatives (%1, T2, T3, %4) as the most promising solutions to enhance
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solar-thermal system performance. The alternatives, along with their descriptions, are listed
below in Table 2. A flowchart of the working of MADM framework is given in Figure 2.

One example is the use of Nanostructured Absorber Coatings, designed to directly in-
crease thermal efficiency through a reduction in reflectance and an increase in solar radi-
ation absorption, thereby reducing energy losses. Advanced Phase-Change Materials are
similar, improving both thermal efficiency and material durability by providing high heat
capacities for better energy storage as well as enhancing long-term durability against re-
peated heating and cooling cycles. For material durability, high-temperature alloys are of
importance as they maintain the capability to survive at very high temperatures and pres-
sures for applications such as jet engines and turbines, as well as heat exchangers. At last,
Adaptive Control Systems address system adaptability by automatically tuning operational
parameters as a function of real-time climatic conditions to ensure consistent performance
across varying climatic and environmental factors. This approach explicitly couples al-
ternatives to the attributes that they mitigate, justifying their use while providing further
context on how they address fundamental problems in solar thermal energy systems. How-
ever, traditional decision-making methods such as the weighted average method (WAM)
and simple additive Weighting (SAW) are found to be inadequate in dealing with the un-
certain and complex nature of solar thermal system design. These methods do not account
for hesitation and vagueness in expert evaluations, do not treat all inputs as equally reli-
able, and do not consider the interdependencies of attributes, thereby leading to oversim-
plified and suboptimal solutions. The team used the GIFCNWA operator to overcome these
limitations. Modeling the membership, non-membership degrees of each attribute on the
full spectrum of uncertainty, this innovative approach was based on IFCNs. Introducing
weighted aggregation using the importance and credibility of input data, the GIFCNWA
operator balanced decisions and reflected nuances in the importance and credibility of the
input data. In addition, its adaptive framework was able to dynamically adjust to accom-
modate diverse conditions, making it highly suitable for the complex, real-world needs of
solar-thermal systems. With this approach, the team was able to determine solutions that
achieved the greatest thermal efficiency while also making the material and system strong
and adaptable, enabling reliable and scalable solar-thermal energy technologies.

TABLE 1. Attributes with description

Attributes Credibility Description

Thermal Effi- High Represents the system’s ability to capture and

ciency retain maximum solar energy, minimizing heat
losses.

Material High Measures the resistance of materials to environ-

Durability mental and thermal degradation over long-term
use.

System Medium Ensures the system’s capability to adjust dynam-

Adaptability ically to diverse climatic and operational condi-

tions.
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TABLE 2. Alternatives with description

Alternatives Description Background

T Nanostructured Absorber Coat- These coatings minimize reflectance and maximize solar
ings absorption, improving energy capture.

To Advanced Phase-Change Mate- PCMs enhance thermal storage efficiency with higher
rials (PCMs) heat capacities and long-term stability.

T3 High-Temperature Alloys Advanced alloys improve the performance of heat ex-

changers and turbines under extreme thermal conditions.

Ty Adaptive Control Systems Real-time monitoring systems dynamically optimize op-
erational parameters for varying climatic conditions.

Nanostructured Absorber Coatings

Input Data
Evaluation Criteria for Alternatives
Advanced Phase-Change Materials ) AT
Alt " « Thermal Efficiency
ernatives . Material Durability
High-Temperature Alloys «+ System Adaptability Score Function
Adaptive Control Systems Ranking

FIGURE 2. Pictorial view of the proposed MADM framework

5.2. Numerical illustration of algorithm. (Step 1) In this step, the AHP process has
been employed to determine the weights of the attributes. A pairwise comparison matrix
has been constructed to determine the relative importance of each attribute. The weights
are calculated by averaging the normalized values of each row in the matrix. To ensure
the reliability of the results, the consistency of the pairwise comparison matrix is verified,
requiring the consistency ratio to be less than 0.1. In this analysis, the consistency ratio
was calculated as 0.059682616, which meets the required threshold. Consequently, the
finalized weights for the attributes are provided in Table 3.

TABLE 3. Computed weights of alternatives

Alternatives Weights

T 0.204242342
T 0.587735711
T3 0.065839299

Ty 0.142182648
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(Step 2) The data collected from decision-makers in the form of IFCNs is presented in
the Table 4. Each IFCNs is represented by two ordered pairs. The first pair indicates the
membership grade and its associated credibility score, while the second pair represents the
non-membership grade and its credibility score. The data collection ensured that the sum of
membership and non-membership grades, as well as their credibility scores, did not exceed
one.

TABLE 4. Decision maker’s preferences in the form of IFCN's

Alternatives

o ((0.1,0.8),(0.7,0.2))  ((0.6,0.8),(0.3,0.1))  ((0.7,0.8), (0.2,0.1))
T ((0.8,0.3),(0.1,0.2))  ((0.2,0.3),(0.2,0.4))  ((0.2,0.2),(0.3,0.1))
T ((0.9,0.2),(0.1,0.2))  ((0.5,0.3),(0.1,0.6))  ((0.4,0.9), (0.3,0.1))
T ((0.7,0.8), (0.3,0.1))  ((0.3,0.7),(0.4,0.2))  ((0.2,0.6), (0.1,0.2))

(Step 3) In this step, the GIFCNWA operator is utilized to combine all the IFCNs into a
single aggregated IFCNs. The resulting values are presented in the Table 5.

TABLE 5. Aggregation of IFCNs using GIFCNWA operator

Alternatives

T ((0.5154,0.7640), (0.3814, 0.1480))
T ((0.4579,0.2729), (0.2087,0.3365))
T3 ((0.6367,0.3987), (0.1379,0.4141))
Ty ((0.4215,0.6851), (0.3683, 0.2033))

(Step 4) At this stage, the score function ( 2. 1) has been applied to the aggregated
IFCNs to evaluate and rank the alternatives. The computed score values for each alternative
are provided in Table 6.
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TABLE 6. Computed score function values

Alternatives Score function
T 0.3373184
T 0.0547334
T3 0.1967479
Ty 0.2138943

(Step 5) Finally, by applying the score function, the ranking of alternatives has been
determined, as illustrated in Figure 3.

T =Ty = T3 =%y

The alternative T; (Nanostructured Absorber Coatings) is the best alternative among all
the alternatives.

By considering the four alternatives and assigning weights to each, we collected the
decision maker’s preferences in the form of IFCNs. We aggregated these numbers into a
unified IFCNs by applying the proposed GIFCNWA operator. Then, we applied the score
function to aggregate IFZN in order to obtain the ranking of alternatives.

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0
Nanostructured Advanced Phase- High-Temperature Adaptive Control
Absorber Coatings Change Materials Alloys Systems
(PCMs)

FIGURE 3. Ranking of alternatives
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5.3. Sensitivity analysis. Sensitivity analysis is a critical step in validating the robustness
and reliability of decision-making methodologies. In the proposed framework, the param-
eter 1) plays a pivotal role in the aggregation process of the GIFCNWA operator. To assess
the sensitivity analysis, we performed a thorough analysis by evaluating the behavior of the
proposed operator for n = 1, 2, 3,4 and 10. We illustrate that, even under changes in 7, the
ranking of the alternatives is consistent. The results of the sensitivity analysis are presented
in Table 7 below.

TABLE 7. Sensitivity analysis for the GIFCNWA operator with varying parameter

Parameter Score Ranking of Alternatives
Score(¥1) Score(¥;) Score(Ts;) Score(T,)

n=1 0.3319 0.0634 0.1939 0.2208 T =Ty - T3> %y

n=2 0.3373 0.0547 0.19675  0.2139 T =Ty =T33~ %y

n=3 0.3282 0.0541 0.1938 0.2129 T =Ty =33~ %y

n=>5 0.3379 0.0642 0.2021 0.2155 T =Ty T3 - %y

n =10 0.3469 0.0616 0.2013 0.2083 T =Ty =T33~ %y

The robustness of the the GIFCNWA operator arrives with consistency and is therefore
able to efficiently provide correct results even under extremeameter conditions. The stabil-
ity of such a process is crucial in MADM processes because even small changes in model
parameters do not result in significant changes in the outcomes. The rankings are also in-
variant with respect to the value of 77 and hence demonstrate how the proposed operator can
deal with both uncertain values and inter-dependencies between attributes. It also means
that the GIFCNWA operator has an unimpaired aggregation process that does not depend
on the specific value of a particular parameter within the tested range. As shown in the
Figure 4, the score values vary with different parameter 7, indicating the sensitivity of the
GIFCNWA operator.

In particular, this is crucial for real-world applications, where the precise calibration of
parameters may depend on context or decision-maker preferences.

5.4. Comparative analysis. Comparative analysis serves as one of the important valida-
tion methods in decision science, as it evaluates the strength, uniformity, and acceptability
of a given approach by comparing it with other techniques. It confirms that the developed
framework executes effectively under varying evaluative circumstances with decision sta-
sis. In this study, a comparative analysis of the proposed MADM framework is conducted
with three widely used decision-making techniques, VIKOR [29], TOPSIS [11], and WAS-
PAS [6]. These classic approaches are well-known for their ability to execute rankings
of the alternatives effectively in the context of multiple criteria. The comparative results
reveal that all three methods yield the same ranking order of alternatives as the proposed
GIFCNWA-based framework. The results of this analysis are presented in the subsequent
Table 8.
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‘ [ ~anostructured Absorber Coatings [l Advanced Phase-Change Materials || High-Temperature Atioys [JJll 2daptive control Systems

Score Values

n (Parame ter)

FIGURE 4. Bar graph representation of sensitivity analysis

TABLE 8. Comparison of proposed operator and traditional decision-
making techniques

Methods Score(%;) Ranking
Score(¥1) Score(¥;) Score(Ts) Score(T,)

VIKOR 0.0000 1.0000 0.5399 0.2035 T =%y = %3 =%y

[29]

TOPSIS 0.7893 0.1531 0.3455 0.7343 T =Ty =T33 - %y
(11]

WASPAS 0.8485 0.4924 0.6575 0.7865 T =%y =33 =%y
(6]

Proposed 0.3373 0.0547 0.1967 0.2139 T =Ty - T3~ %y
Operator

The comparative analysis presented in Table 8 demonstrates the consistency and ro-
bustness of the proposed GIFCNWA-based MADM framework when evaluated against
well-established decision-making techniques. In VIKOR, alternatives are ranked based on
lower score values, whereas in others, alternatives are ranked based on higher score values.
All four methods yield a similar ranking order of alternatives, indicating that the proposed
approach produces results aligned with conventional methodologies. This reinforces the
reliability and consistency of the GIFCNWA operator in real-world decision-making prob-
lems. A pictorial comparison of these methods is shown in Figure 5.
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® Nanostructured Absorber Coatings ® Advanced Phase-Change Materials ® High-Temperature Alloys ® Adaptive Control Systems

VIKOR TOPSIS WASPAS Proposed Operator
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FIGURE 5. Pictorial view of comparative analysis

Traditional techniques such as VIKOR, TOPSIS, and WASPAS primarily rely on deter-
ministic distance measures or compromise solutions that assume the data to be precise and
crisp. Such models, while effective in structured environments, often fail to capture the in-
trinsic uncertainty, hesitation, and varying credibility that are inherent in expert evaluations.
Consequently, their decision outcomes may not fully represent the nuanced judgments re-
quired in complex engineering systems. However, the proposed operator’s strengths cer-
tainly go beyond the ability to generate a similar ranking. Traditional techniques primarily
rely on deterministic distance measures or compromise solutions that assume the data to
be precise and crisp. Such models, while effective in structured environments, often fail
to capture the intrinsic uncertainty, hesitation, and varying credibility that are inherent in
expert evaluations. Consequently, their decision outcomes may not fully represent the nu-
anced judgments required in complex engineering systems. By contrast, the GIFCNWA
operator incorporates IFCNs for representing the degrees of membership, non-membership,
credibility, and trust in each assessment. This aids in aggregation of uncertain information
in a more clear and credible manner.

In addition to its relative consistency and interpretative foundation, the proposed frame-
work based on the GIFCNWA operator also demonstrates computational efficiency and
scalability. The algorithm primarily consists of normalizing and aggregating intuitionistic
fuzzy credibility numbers, all of which operate in polynomial time with respect to the num-
ber of alternatives (m) and attributes (n). The overall calculation cost can be estimated to
O(m x n), meaning linear growth with respect to the expansion of the decision matrix.
The proposed operator achieves this computational efficiency in contrast to heuristic and
iterative techniques, which tend to have exponential complexity. The proposed operator
leverages a closed-form aggregation mechanism and a modular structure, enabling efficient
computation even in high-dimensional contexts. Such efficiency not only guarantees com-
putational feasibility, thereby allowing parallel processing of several computation steps, but
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also targets highly largecomplexa-driven decision environments, where both precision and
efficiency are essential.

5.5. Limitations of the study. Although the proposed GIFCNWA-based MADM frame-
work demonstrates notable advantages in handling uncertainty, credibility, and hesitation in
expert evaluations, it has some practical drawbacks. First, the framework is dependent on
the quality and consistency of expert input data. If an expert provides an assessment that is
highly varied or potentially biased, credibility-weighted filtering won’t completely remove
subjective distortion. Second, while the algorithm works well on moderately scaled prob-
lems, real-world engineering systems will likely comprise hundreds of interdependent cri-
teria, which will entail significant challenges with data elicitation and the real-world com-
putational burden of evaluating large intuitionistic fuzzy matrices. Moreover, the model’s
static assumption on the credibility degrees can be problematic in fully dynamic decision
environments operating in real-time. Finally, the current framework focuses primarily on
quantitative evaluation, with limited integration of qualitative factors such as stakeholder
preferences or environmental constraints, which affects its direct use in decision environ-
ments involving multiple stakeholders. Despite these limitations, the study provides a solid
theoretical foundation for credibility-aware fuzzy aggregation, which can be further en-
hanced through hybridization with dynamic learning systems.

5.6. Managerial implications. The suggested decision-making process, which incorpo-
rates [FCNs and the GIFCNWA operator, has transformative implications for managerial
practices in the engineering and renewable energy sectors. By tackling the intricacies of
uncertainty, hesitation, and the interdependent attributes that characterize certain risks, this
method equips executives with the ability to make more robust, intelligent, and data-driven
decisions, even in sensitive applications such as solar thermal energy systems. A key impli-
cation is that more sophisticated decisions can be navigated with higher precision. Many
traditional decision-making tools fail to capture the multifaceted interrelation of perfor-
mance metrics (e.g., energy efficiency, adaptability, and system durability). By enabling
expert evaluations weighted by both importance and credibility to be incorporated into de-
cisions, this research allows managers to make decisions that are not only robust but also
context-sensitive. A repeatable, structured decision-making process that removes as much
of the possible subjectivity and maximises operational performance. Additionally, the in-
corporation of artificial intelligence in this operator using GIFCNWA operator enables this
framework to be applied on dynamic and scaling system. The proposed methodology,
leveraging the capacity of artificial intelligence to process large datasets and respond to
dynamics evolving in real-time, is able to perform real-time evaluation and optimization of
complex systems without affecting them. This adaptability can be leveraged by managers
to act quickly in the face of environmental fluctuations, market demands, and technological
changes, enabling organizations to remain resilient and agile with respect to their opera-
tions. In the renewable energy sector, where sustainability and cost-efficiency are para-
mount, this framework supports strategic planning by providing a comprehensive tool for
evaluating diverse alternatives. For example, the ability to rank material choices, technol-
ogy designs, or operational strategies based on multi-criteria evaluations can lead to signifi-
cant cost savings, improved performance, and alignment with sustainability goals. Beyond
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the specific application in solar-thermal energy, this research contributes to broader man-
agerial practices by offering a blueprint for tackling uncertainty and interdependencies in
other fields, including manufacturing, logistics, and intelligent systems. By embedding Al-
driven decision-making frameworks, such as GIFCNWA, organisations can future-proof
their operations, ensuring consistent and optimal decision-making in an increasingly com-
plex and uncertain world.

6. CONCLUSION AND OPPORTUNITY FOR FUTURE WORK

This research presents a novel and robust decision-making framework that integrates
IFCNs with the GIFCNWA operator to address critical challenges in MADM. By over-
coming the limitations of traditional methodologies, such as their inability to handle uncer-
tainty, hesitation, and varying credibility of evaluations, our proposed approach provides a
comprehensive and adaptive solution for complex, real-world problems. The reliability of
the GIFCNWA operator is established through its mathematical foundation, as evidenced
by the proof of key properties such as idempotency, monotonicity, and boundedness. Addi-
tionally, integrating this operator into a practical MADM algorithm enhances the precision,
reliability, and scalability of decision-making processes. The proposed framework has been
applied to a real-world case study involving the optimization of solar thermal energy sys-
tem. Four alternatives: nanostructured absorber coatings, advanced phase-change materi-
als, high-temperature alloys, and adaptive control systems were assessed on various criteria,
including thermal efficiency, material durability, and system adaptability. Nanostructured
absorber coatings was found to be the most appropriate alternative, which excelled on most
criteria. To confirm the reliability of this result, a parametric sensitivity analysis was con-
ducted, assessing the stability and consistency of the operator across different parameters.
Additionally, a comparison of the proposed framework with some well-known techniques
such as VIKOR, TOPSIS, and WASPAS has been conducted. The results show that the
proposed GIFCNWA operator not only demonstrates ranking consistency with these tech-
niques but also surpasses them in successfully accommodating the credibility, uncertainty,
and hesitation present in expert opinions. Despite its strong performance, the proposed
model has some limitations. The model depends on the value of expert opinions,, which
are situation-specific, and their quality and dependability fluctuate. Moreover, with the in-
crease in the number of attributes and alternatives, the intricacy of the resolved problems
also increases.

This research provides a strong foundation for advancing decision-making frameworks
and points to several promising avenues for future exploration. It can be extended to aggre-
gate information in hybrid or fully fuzzy environments, integrating neutrosophic, hesitant,
or type-2 fuzzy sets, which, which reveals the potential to work with deeper layers of
uncertainty. Additionally, integrating this framework with artificial intelligence and deep
learning will facilitate the creation of flexible and automated, real-time, adaptable decision
systems for applications such as intelligent grid optimization, adaptive manufacturing, and
energy sustainability. These would reinforce the the adaptability and robustness of the pro-
posed operator, building the first intelligent systems for automated decision-making that
address complex problems in modern engineering and energy systems.
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