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Abstract

The global energy transition necessitates the development of innovative, sustainable solutions to reduce greenhouse
gas emissions and achieve decarbonization goals. This study addresses this imperative by evaluating green hydrogen
technologies to guide decision-makers in identifying optimal solutions. The purpose of this research is to bridge the
gap in existing literature by providing a comprehensive evaluation framework for technology selection, contributing
to advancements in green hydrogen adoption. Using the Fuzzy VIKOR methodology, which integrates fuzzy logic
with multi-criteria decision-making, this study systematically examines three key green hydrogen technologies:
Electrolyzer Technology, Biomass Gasification Technology, and Photovoltaic Electrolysis Technology. Twelve critical
criteria—including Technological Innovation, Financial Health, Regulatory Support, and Environmental Impact—were
applied to ensure a thorough evaluation. The results indicate that Photovoltaic Electrolysis Technology emerges as
the optimal solution, offering balanced performance across all criteria and addressing uncertainties inherent in the
decision-making process. The findings of this study provide theoretical insights into decision-making models and
practical guidance for policymakers and stakeholders to advance green hydrogen technologies. By contributing an
innovative evaluation framework and addressing gaps in the literature, this study promotes sustainable and efficient
energy practices, fostering progress towards global renewable energy goals.

Index-words: Green hydrogen, Fuzzy VIKOR, Sustainable energy, Technological innovation,
Environmental impact, Multi-criteria decision analysis.

I. Introduction to address the complexities and multi-criteria nature

of this selection process. This paper aims to address

The global energy landscape is undergoing a
significant transformation driven by the urgent
need to mitigate climate change and reduce
greenhouse gas emissions [1]. Green hydrogen,
produced through the electrolysis of water using
renewable energy sources, has emerged as a
promising solution to achieve these goals [2]. As
nations and industries strive to meet ambitious
decarbonization targets, the demand for innovative
and scalable green hydrogen technologies
continues to grow [3]. This study situates itself
within this transformative era, examining state-
of-the-art advancements and methodologies in
green hydrogen production. However, despite its
potential, the selection process for green hydrogen
technologies faces significant challenges [4]. The
absence of a comprehensive evaluation framework
makes it difficult to identify the most suitable
technology.Currently, there is no robust mechanism
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this research gap by proposing the application of
the Fuzzy VIKOR approach—a systematic and novel
methodology integrating fuzzy logic with multi-
criteria decision-making.

Recent advancements in green hydrogen
technologies underscore their potential to
provide a sustainable and clean energy source
[5]. For instance, Tahmasbi et al. [6] conducted a
comprehensive review of hydrogen production
technologies, focusing on green-electrolysis
methods such as alkaline, proton-exchange
membrane, and solid oxide electrolysis. Their
findings underline the importance of developing
efficient and reliable solutions for renewable
hydrogen production. While valuable, their
study does not provide guidance for comparative
evaluation across competing technologies.
Moreover, Pradhan et al. [7] emphasized the role
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of green hydrogen in achieving decarbonization
and net-zero emissions by 2050. They highlighted
the need to consider the entire hydrogen supply
chain, including storage, transportation, and end-
use applications, to fully realize the environmental
benefits of green hydrogen. This underscores the
necessity for a decision-making framework to
address the complexities of technology selection.
In addition, Gao et al. [8] provided insights into
the progress and perspectives of next-generation
green hydrogen technologies, focusing on the
key components such as electricity, catalysts, and
electrolytes in electrocatalytic water splitting.
Their review recognized the technical challenges of
scaling production but did not propose a systematic
method for ranking technologies. This paper seeks
to fill this void.

Several other studies have contributed to the
understanding and development of green hydrogen
technologies. Gul et al. [9] provided a comprehensive
review of the VIKOR method anditsfuzzyextensions,
which are crucial for the multi-criteria decision-
making process in evaluating green hydrogen
technologies. Basu [10] discussed the practical
design and theory behind biomass gasification
and pyrolysis, providing valuable insights into one
of the key technologies examined in this study.
Navarro et al. [11] introduced the fundamentals of
hydrogen production, offering a broad perspective
on the various methods available. Fang et al. [12]
reviewed the enhancement of solar hydrogen
production efficiency through nanomaterials,
underlining the technological advancements in
this field. Nnabuife et al. [2] compared different
hydrogen production technologies, highlighting
their respective advantages and challenges. Hossain
Bhuiyan and Siddique [13] critically reviewed the
potential of hydrogen as a sustainable fuel source,
emphasizing the need for efficient and scalable
production methods. Abdul et al. [14] evaluated
renewable energy technologies using an integrated
AHP-VIKOR approach, which complements the
Fuzzy VIKOR method applied in this study. Despite
these contributions, an integrated framework
for addressing the challenges inherent in green
hydrogen technology selection remains elusive.
To tackle all these challenges, this paper proposes
the application of the Fuzzy VIKOR approach to
systematically evaluate and rank three green
hydrogen technologies: Electrolyzer Technology,
Biomass Gasification Technology, and Photovoltaic
Electrolysis Technology.
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To further clarify the novelty of this study, the
proposed approach introduces key refinements
to the traditional Fuzzy VIKOR methodology,
distinguishing it from previous applications in the
literature. Unlike prior studies, which primarily
applied standard fuzzy extensions, this paper
integrates Circular Intuitionistic Fuzzy Sets (C-IFS)
to enhance the representation of uncertainty in
decision-making. C-IFS allows decision makers to
define both membership and non-membership
degrees using circular functions, improving the
precision of linguistic assessments. Additionally,
this study incorporates multi-expert decision
aggregation, ensuring that diverse stakeholder
perspectives are systematically integrated into the
evaluation process. This contrasts with previous
works that often relied on individual expert
assessments, potentially leading to biased rankings.
Furthermore, a sensitivity analysis framework is
introduced to validate the robustness of the rankings
under varying decision-maker preferences,an aspect
frequently overlooked in conventional Fuzzy VIKOR
implementations. By refining the fuzzy decision-
making process and adapting it specifically to green
hydrogen technology selection, this study provides
a more comprehensive and adaptable evaluation
framework that surpasses previous applications
in terms of precision, stakeholder inclusivity, and
robustness. These enhancements contribute to
a more reliable and effective methodology for
selecting optimal hydrogen technologies, addressing
key limitations observed in earlier studies.

II. Literature review

A. Identification of key criteria for
evaluating green hydrogen technologies

The evaluation of green hydrogen technologies
demands not only a comprehensive framework but
also a critical synthesis of existing research. While
numerous studies highlight essential evaluation
criteria—such as Technological Innovation, Financial
Health, Regulatory Support, Infrastructure
Development, Market Demand, Stakeholder
Engagement, Financial Incentives, Technological
Capability, Complementarity and Synergies,
Geographical Position, Research and Development,
and Environmental Impact—they often do so in
isolation, leaving a fragmented understanding
of how these factors interact and influence one
another.
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A comparative analysis reveals commonalities
and differences across studies. For
instance, Cannavacciuolo et al. [15] and Virzaru
and Bocean [16] emphasize the role of Technological
Innovation in advancing production methods
and scalability, whereas Vidas and Castro [17]
prioritize Financial Health for ensuring long-
term economic sustainability. Meanwhile, Maka
and Mehmood [18] underscore the pivotal role
of Regulatory Support in fostering adoption, a
perspective echoed by Islam et al. [19], yet lacking
an exploration of interdependencies with
Infrastructure Development [20]. This oversight
presents a gap, as regulatory frameworks often
directly influence infrastructural advancements.
Similarly, Stakeholder Engagement and Market
Demand, as discussed by Jesse et al. [21] and Wappler
et al. [22], are crucial for commercial success but
are rarely examined in conjunction with Financial
Incentives [23] or Technological Capability [24].
The lack of integration among these criteria limits
the development of holistic strategies. Furthermore,
studies on Complementarity and Synergies [25], [26]
fail to fully address the geographical constraints
highlighted by Messaoudi et al.[27],leaving questions
about the adaptability of these technologies in
diverse settings.

Environmental Impact remains a focal point, as
emphasized by Shen et al. [28] and Sun et al. [29],
yet there is insufficient attention to the trade-offs
between environmental benefits and the resource-
intensive nature of Research and Development [30],
[31]. This gap underscores the need for more
nuanced evaluations that balance innovation with
sustainability.

Recent studies, such as those by Anand et al.
[32] and Odenweller et al. [33], provide updated
insights into the scalability and integration of green
hydrogen technologies. These works emphasize
advancements in electrolysis, cost reduction
strategies, and the role of policy frameworks in
accelerating adoption. Additionally, Revinova et
al. [34] explore the application of learning curves
to forecast cost reductions in green hydrogen
production, highlighting the importance of learning-
by-doing and learning-by-searching in achieving
economic viability.

To underpin this study, the Ecosystem
Framework has been adopted as the theoretical
foundation [35]. This framework emphasizes the
interconnectedness of technological, economic, and

Volume 11, Issue 2, December 2025 - ISSN 2356-8569
http://dx.doi.org/18.21622/RESD.2825.11.2.1283

regulatory factors in scaling up green hydrogen
technologies. It aligns with the research questions
by providing a structured approach to evaluate
the interplay between these criteria and their
Impact on sustainability goals. Recent studies,
such as Schwappach et al. [36], highlight the role of
ecosystem theory in transitioning green hydrogen
technologies from innovation to industrial scale,
emphasizing joint value creation and risk reduction
among stakeholders. Similarly, Jayachandran et
al. [37] explore the challenges and opportunities in
integrating green hydrogen into energy systems,
focusing on infrastructure and logistics.

Furthermore, learning theories, such as learning-
by-doing and learning-by-searching, are integrated
into the analysis to explain how iterative
improvements and knowledge accumulation drive
technological advancements and cost reductions
in green hydrogen production [38], [39]. Curcio
[40] provides insights into the scalability barriers
and cost reduction strategies for green hydrogen,
emphasizing the importance of learning curves
in achieving economic viability. Shash et al
[41] delve into computational methods and artificial
intelligence applications in optimizing green
hydrogen production, showcasing how machine
learning enhances efficiency and scalability. Emilio
J. and Edson [42] discuss the environmental benefits
of green hydrogen production, highlighting the
importance of considering the entire supply chain
to maximize sustainability.

These findings collectively highlight the
fragmented state of current research, underscoring
the importance of a more integrated approach
[43]. By addressing these gaps, this study aims to
contribute to a more comprehensive framework for
evaluating green hydrogen technologies, aligning
with the overarching goals of decarbonization and
sustainable development.

The literature reviewed for this study was selected

using a systematic approach to ensure relevance,
comprehensiveness, and reflection of the current
state of the art. Peer-reviewed journal articles,
conference proceedings, and industry reports
published between 2019 and 2025 were prioritized,
utilizing databases such as Scopus and Web of
Science. Keywords such as “green hydrogen
technologies,” “ecosystem framework, “learning
curves,” and “scalability” guided the search process.
Inclusion criteria focused on studies addressing
evaluation frameworks, recent advancements, and
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theoretical foundations pertinent to green hydrogen.
To enhance rigor, the selected literature was cross-
referenced with bibliographies of key studies to
identify critical sources and emerging perspectives.
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This approach ensured that the review not only
addressed the research questions but also captured
the dynamic and evolving nature of the field.

Table 1: Summary of key criteria for evaluating green hydrogen technologies

Criteria

Technological Innovation

Description

Advances in production methods, efficiency,
and scalability.

References
Gao et al. [26]

adoption.

Financial Health Economic viability and potential return on Yiiksel et al. [44]
investment.
Regulatory Support Policies and regulations that promote or hinder | Bade et al. [45]

Infrastructure Development

Availability and adequacy of production,
storage, and distribution facilities.

Maka and Mehmood [46]

Market Demand

Potential market size and growth influence
commercial success.

Asghari et al. [47]

Stakeholder Engagement

Involvement and support of governments,
industries, and communities.

Schlund et al. [48]

Financial Incentives

Subsidies and tax breaks encourage adoption.

Nyangon and Darekar [49]

Technological Capability

Readiness and expertise to meet required
standards and performance.

Tuluhong et al. [31]

Complementarity and Synergies

Integration with existing energy systems and
other renewable sources.

Gao et al. [26]

Geographical Position

Location-specific advantages or challenges
impacting project feasibility.

San Martin et al [50]

Research and Development

Innovations enhancing the efficiency and
effectiveness of technologies.

Biabani et al. [51]

Environmental Impact

Potential environmental benefits and
drawbacks of ensuring sustainability.

Hammi et al. [52]

B. The
alternatives

green hydrogen technology

Different studies converge on the recognition
of green hydrogen technologies as pivotal for
achieving decarbonization and sustainable energy
systems [53]. Across the board, researchers agree
on the potential of these technologies to reduce
greenhouse gas emissions, enhance energy security,
and support the transition to renewable energy
sources [54]. For instance, electrolyzer technology is
widely acknowledged for its zero direct carbon
emissions when powered by renewable energy
sources, as highlighted by El-Shafie [55] and Sahin
[56]. Similarly, biomass gasification is praised for
its ability to utilize waste materials and integrate
with carbon capture and storage (CCS) to further
reduce emissions, as discussed by Tezer et al.
[57]. Photovoltaic electrolysis, on the other hand, is
celebrated for leveraging solar energy to produce
hydrogen, offering a decentralized and sustainable
energy solution, as noted by Marques et al. [58].

However, divergence arises in the evaluation
of these technologies due to differences in their
scalability, cost-effectiveness, and environmental
impacts. For example, while electrolyzer technology
is lauded for its efficiency and scalability [59], its
high capital costs and reliance on a stable renewable
energy supply remain significant barriers. Biomass
gasification, despite its environmental benefits, faces
criticism for its complexity and energy-intensive
processes, which may offset its overall efficiency
[60]. Photovoltaic electrolysis, though promising for
remote areas, struggles with the intermittent nature
of solar energy and the need for advanced energy
storage solutions [61].

Several contradictions and unresolved issues persist
in the evaluation of green hydrogen technologies
[62]. One major contradiction lies in the trade-off
between efficiency and cost. For instance, while
advancements in electrolyzer technology, such
as proton-exchange membrane (PEM) and solid
oxide electrolyzers, have improved efficiency, they
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also contribute to higher costs, creating a barrier
to widespread adoption [63]. Similarly, biomass
gasification’sreliance on high-temperature processes
raisesquestionsaboutits net environmental benefits,
especially when energy inputs are considered [64].

Another unresolved issue is the integration of
these technologies into existing energy systems.
Studies like those by Gao et al. [8] emphasize the
need for efficient energy storage and distribution
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systems to support photovoltaic electrolysis, yet
practical solutions remain underdeveloped [65].
Additionally, the geopolitical implications of green
hydrogen adoption, such as resource allocation and
international collaboration, are often overlooked,
as highlighted in broader reviews of the hydrogen
economy [66]. These contradictions and gaps
underscore the need for a more integrated and
interdisciplinary approach to evaluating green
hydrogen technologies (Table 2).

Table 2: Additional studies highlighting the potential and challenges of green hydrogen technologies

Study Focus Key outcomes & conclusions Preferred hydrogen technology
Jeje et al. [67] Comprehensive Identified key challenges in hydrogen | No specific preference stated.

review on sustainable | production, including cost, efficiency,

hydrogen production | and scalability. Emphasized the need

methods for policy support and technological

advancements.

Worku et al. [68] Advances and Highlighted thepotential of electrolysis- | Photovoltaic Electrolysis

future prospects in based hydrogen production,

hydrogen production | particularly using photovoltaic energy.

from renewables

Discussed integration challenges with
existing energy systems.

Magableh and Bazel [69]

Multi-criteria
decision-making for
renewable energy
technologies using
fuzzy logic

Applied fuzzy logic to assess hydrogen
technologies, emphasizing financial
viability and environmental impact.
Found biomass gasification to be a
promising option.

Biomass Gasification

Kourougianni et al. [70]

Current state and
future directions of
hydrogen production
technologies

Reviewed various hydrogen
production methods, concluding that
electrolyzer technology has the highest
potential for scalability and efficiency
improvements.

Electrolyzer Technology

Sitorus and Brito-Parada [71]

Decision-making
methodologies for

Explored different decision-making
frameworks for selecting hydrogen

No specific preference stated.

renewable energy technologies. Found that stakeholder
technologies engagement plays a crucial role in
technology adoption.
Ourya and Abderafi [72] Application of Used the Fuzzy VIKOR method to | Photovoltaic Electrolysis
the Fuzzy VIKOR rank hydrogen technologies based
approach toevaluate |[on multiple criteria. Found that
hydrogen production | photovoltaic electrolysis scored highest
technologies in terms of sustainability and efficiency.

C. Fuzzy VIKOR methodology

Participants in

this

study are decision-

The research design for this study is descriptive
and applied, focusing on systematically evaluating
complex decision-making scenarios and providing
practical solutions relevant to real-world
applications. The study begins with a descriptive
phase aimed at identifying key decision criteria
and understanding the interplay of conflicting
factors. This foundation ensures a comprehensive
framework for applying advanced methodologies,
with the applied aspect of the study addressing
specific challenges in sustainability and engineering
contexts.

makers characterized by their technical expertise,
familiarity with multi-criteria decision-making
processes, and ability to evaluate competing
criteria effectively. Data collection combines
both qualitative and quantitative methods,
includingstructured interviews, expert assessments,
and surveys. Instruments such as ranking matrices
and evaluation scales are utilized to capture nuanced
preferences and priorities.

The Fuzzy VIKOR methodology was selected due
to its ability to incorporate fuzzy logic, making it
particularly effective in addressing uncertainty
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and vagueness inherent in decision-making.
Comparative analysis highlights the advantages of
Fuzzy VIKOR over other multi-criteria decision-
making (MCDM) techniques like TOPSIS and ANP.
Unlike TOPSIS, which emphasizes proximity to
the ideal solution, Fuzzy VIKOR ensures balanced
decision-making by offering a compromise
solution that accommodates conflicting criteria
[73]. Additionally, Fuzzy VIKOR'’s computational
efficiency makes it more suitable for practical
applications compared to the complexity of ANP
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ensuring that the selected alternative represents
the best trade-off among all considerations [80].
Fuzzy VIKOR also enhances decision-making
accuracy by integrating with other MCDM methods
such as AHP, thereby leveraging the strengths of
multiple approaches to achieve more comprehensive
evaluations [81]. Its flexibility and adaptability make
it a valuable tool for researchers and practitioners
alike, as evidenced by its widespread application in
various fields.

[74].

III. Research methods

Mardani et al. [75] conducted a systematic review of
the VIKOR technique, highlighting its widespread
use in sustainability and renewable energy studies.
The integration of fuzzy logic with VIKOR, known
as Fuzzy VIKOR, has been particularly beneficial in
handling uncertainty and vagueness in decision-
making processes. For instance, Shumaiza et al. [76]
explored the use of trapezoidal bipolar fuzzy VIKOR
for group decision-making, which was applied in
selecting waste treatment methods and thermal
power plant sites. Ozdemir et al. [77] integrated Fuzzy
VIKOR with the Analytic Hierarchy Process (AHP)
to improve decision-making accuracy in personnel
selection for IT firms. The methodology has also
been utilized in maintenance strategy selection in
the paper industry, providing a robust framework
for evaluating and choosing optimal strategies under
uncertain conditions. These studies underscore the
robustness and adaptability of Fuzzy VIKOR in
addressing complex decision-making challenges
across diverse domains.

In environmental management, Fuzzy VIKOR has
been instrumental in assessing the sustainability of
various projects. Its ability to accommodate multiple,
often conflicting criteria makes it a valuable tool
for evaluating renewable energy solutions and
their environmental impacts [75]. Furthermore,
its application in engineering and manufacturing
highlights its utility in selecting the best design
schemes, technologies, and suppliers by considering
multiple performance indicators under uncertainty
[78].

The advantages of Fuzzy VIKOR are manifold. It
effectively incorporates fuzzy logic to handle the
ambiguity and vagueness of human judgments,
providing more realistic and reliable decision
outcomes [79]. Additionally, the methodology’s
ability to find a compromise solution is particularly
beneficial in scenarios involving conflicting criteria,

The Fuzzy VIKOR technique integrates fuzzy logic
into the VIKOR method, providing a systematic
and rational approach to determine the best and
compromise solutions using linguistic expressions.
This process involves several steps, each
contributing to the comprehensive evaluation of
alternatives [82].

A. Identification of decision makers,
alternatives, and criteria

Initially, » decision makers, m alternatives, and %
criteria are identified to address the problem.

The number of decision makers (n) is selected based
on the expertise required to assess green hydrogen
technologies. These decision makers typically
include industry experts, policymakers, researchers,
and stakeholders who provide evaluations based
on their knowledge and experience. The selection
process ensures a diverse and representative group,
allowing for abalanced and unbiased assessment.

The number of alternatives (m) corresponds to the
green hydrogen technologies under evaluation.
In this study, three alternatives—Electrolyzer
Technology, Biomass Gasification Technology,
and Photovoltaic Electrolysis Technology—are
considered, chosen based on their technological
feasibility, environmental impact, and economic
viability.

The number of criteria (k) is determined by
identifying key factors that influence the selection
process, ensuring comprehensive evaluation across
multiple domains. These criteria are structured to
capture aspects such as technological innovation,
financial health, regulatory support, infrastructure
development, market demand, and environmental
impact, among others. Figure 1 illustrates the
structured configuration of the proposed Circular
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Intuitionistic Fuzzy VIKOR framework, detailing
the multi-expert evaluation process, integrated
decision criteria, and methodological refinements
applied for selecting optimal hydrogen technologies
in the context of sustainable energy transition.

Decision makers

OO®
!

Electrolyzer

(crteriaane a"er”a“"es] [{_Technology |

Linguistic assessments ‘_: Biomass |
(C- IFS) Gasification
Technology

Multl-expert —_—
aggreganon Photovoltaic
Electrolysis

| FuzzyVIKOR ) \Technology J

¥
[ Sensitivity analysis}

Selecting optimal
hydrogen technologie:

Figure 1: Schematic representation of the comprehensive
evaluation process for green hydrogen technologies.

The inputs in thisfuzzy decision-making framework
consist of the criteria evaluations assigned by
decision makers. These inputs are represented
aslinguistic variablesthat describe the performance
of each alternative based on TFNs. The outputs of
the fuzzy VIKOR method are the aggregated fuzzy
performance scores of each alternative across
multiple criteria. These are computed through
fuzzy mathematical operations to obtain the Si, R,
01 and values, which reflect:

° St (Total Weighted Distance from the Best
Solution) - Represents the overall deviation of
an alternative from the ideal solution.

° Rt (Maximum Regret Distance) - Captures
the worst-case scenario performance of each
alternative.

o Q (Compromise Ranking Index) - Balances

the best and worst cases to determine the final
ranking of the alternatives.

The fuzzy rule base defines the decision logic applied
to process fuzzy inputs and derive fuzzy outputs.
It establishes the relationship between criteria
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ratings and alternative rankings, ensuring
consistency in the evaluation process. The rules are
structured as follows:

o Rule 1:If an alternative scores high on criteria
such as technological capability, stakeholder
engagement, and regulatory support, then
its 51 value is low, indicating strong overall
performance.

o Rule 2: If an alternative exhibits significant
variance across different criteria, then its
Rivalue is high, suggesting instability in

performance.
o Rule 3:If an alternative maintains consistent
strengths across criteria with minimal

deviations, then its Q: value is low, making it
the most suitable option.

o Rule 4: If an alternative scores significantly
lower than others in multiple critical criteria,
then it receives a high @t value and is ranked
lower.

Figure 2 illustrates the structured decision-making
process of the Fuzzy VIKOR method, incorporating
linguistic evaluations, fuzzy computations, and
decision rules to determine the optimal green
hydrogen technology.

[ Determine decision makers, ]

alternatives, and criteria
¥

[ Construct the fuzzy decision matrix ]

Y
Identify fuzzy best and fuzzy worst
values

[ Calculate §; and R ]
¥

Compute fuzzy best and worst for
group benefit and minimum regret
¥

Rule 1

for relevant
criteria?

Rule 2 — -
Are Sj and R lo

ThenR; is low

Rule 4
[ Select the best alterna-

v
[ Seltect bcstaltemative]

Select best alt- [«
ernative lower

Figure 2: Fuzzy VIKOR decision-making process.
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B. Definition of Linguistic Variables and
Fuzzy Numbers

Linguistic variables provide a structured way
to express subjective assessments in decision-
making processes, particularly when dealing with
uncertainty in evaluations [83]. These qualitative
descriptors, such as “Very Weak” or “Well,” are
transformed into triangular fuzzy numbers
(TFNs) to quantify their meaning in a way that
accounts for variability in expert opinions [84]. A
TFN is represented as (a, b, c), where a denotes the
lowest possible value, b is the most likely estimate,
and c is the upper bound, allowing for a more
flexible interpretation of criteria weights and
alternative evaluations. In this study, the Simplified
Analytical Hierarchy Process (SAHP) method is
used to determine the importance of each criterion,
incorporating fuzzy logic to refine pairwise
comparisonsamongcriteria. The SAHP methodology
enhances the reliability of weight calculations by
leveraging fuzzy preference relations, ensuring
that expert opinions are systematically aggregated
rather than relying on fixed numerical inputs.

The membership limits in Table 3 are determined
based on expert evaluations and fuzzy logic
principles, ensuring a smooth transition between
linguistic variables. The scaling of membership
functions from O to 10 is chosen to provide
a normalized range that aligns with common
fuzzy logic applications. This range ensures that
evaluations remain intuitive and comparable,
preventing extreme values from skewing the
decision-making process. Additionally, a O to 10
scale allows for greater granularity, enabling
finer distinctions between linguistic terms while
maintaining computational efficiency.
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each criterion is calculated using a specific equation
[84]. The Combined Fuzzy Decision Matrix was
developed by aggregating expert evaluations using
fuzzy logic principles. Evaluations from decision
makers were collected and converted into triangular
fuzzy numbers (TFNs), representing a range with
lower, middle, and upper values. These individual
assessments were then aggregated using a specific
equation to generate a consensus-based fuzzy
weight for each criterion. The aggregated fuzzy
weight W] given by the i-th decision maker for the
j-th criterion can be calculated using the Equation:

s

W= [l J=1..k ()

Figure 3 shows the comparative fuzzy evaluations
of Technological Innovation (C1) for the considered
hydrogen technologies.

1.0} Technological Innovation (C1)
08} “

Electrolyzer Technology (A1)
rrrrrrrrrrrr Biomass Gasification Technology (A2)
.................. Photovoltaic Electrolysis Technology ~ (A3)

Figure 3: The triangular fuzzy membership functions for
Technological Innovation (C1).
The twelve evaluation criteria have been
systematically modeled using triangular fuzzy
membership functions and presented in Table 4.

Table 4: Combined fuzzy decision matrix

Criteria Electrolyzer | Biomass Photovoltaic
Table 3: Linguistic variables used for alternative assessment Technology | Gasification | Electrolysis
(A1) Technology | Technology
(A2) (A3)
5 Hian € LI -~ Technological (3,5,7) (5,7,9) (7,9,10)
Very weak/low (0,0,1 Innovation (C1)
Weak (0,1,3) Financial Health | (1,3,5) (3,5,7) (5,7,9)
Moderate weak 1,3,5) 2 ( ) ( ) ( )
Regulatory 57,9 7,9,10 3,57
Moderate well (5,7,9) Support (C3)
Well (7,9,10) Infrastructure (7,9,10) (5,7,9) 3,5,7)
Very well (9,10, 10) Development (C4)
Market Demand | (5,7,9) (3,5,7) (1,3,5)
C. Aggregation of decision makers’ |[(C5)
evaluations Stakeholder (3,5,7) (5,7,9) (7,9,10)
Engagement (C6)
The evaluations from the decision makers are | Financial (5,7,9) (3,5,7) (1,3,5)
combined, and the integrated fuzzy weight for |Incentives(C7)
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Technological (7,9,10) (5,7,9) (3,5,7)
Capability (C8)

Complementarity |(3,5,7) (5,7,9) (7,9,10)
and Synergies (C9)

Geographical (5,7,9) (3,5,7) (1,35)
Position (C10)

Research and (7,9,10) (5,7,9) (3,5,7)
Development (C11)

Environmental (3,5,7) (1,3,5) (57,9
Impact (C12)

D. The fuzzy decision matrix

A fuzzy decision matrix X is constructed to
systematically organize the evaluations provided by
decision makers, ensuring that the criteria for each
alternative are assessed under uncertainty [85].
Each entry xij in the matrix represents the fuzzy
rating assigned to the i alternative with respect
to the jt criterion, using triangular fuzzy numbers
(TFNs) to capture variations in expert opinions. This
matrix serves as the foundation for the fuzzy VIKOR
analysis, enabling multi-criteria decision-making by
incorporating subjective judgments in a structured
format. The fuzzy weights Wj are aggregated and
applied to the evaluations to enhance comparability
across alternatives, facilitating the ranking and
selection process. It is represented as:
M"}j — [le E]_(/
xml xmk

i=1l,...m j=1,...,k 2
Where i1} is the fuzzy rating of thei-th alternative
with respect to thej-th criterion.

E. Fuzzy best and worst values

The fuzzy best values f?* represent the optimal
ratings that an alternative can achieve for a given
criterion, indicating the most favorable evaluation
based on expert assessments. Conversely, the fuzzy
worst values f; — denote the least desirable ratings,
signifying the lowest level of performance across
alternatives for that criterion. These values are
extracted from the fuzzy decision matrix by applying
maximum and minimum functions, respectively,
ensuring a structured comparison between
alternatives. The formulation follows the principles
outlined by Opricovic and Tzeng [80], enabling
a robust ranking system that integrates fuzzy logic
to manage uncertainty in decision-making. By
determining the fuzzy best and worst values, this

Volume 11, Issue 2, December 2025 - ISSN 2356-8569
http://dx.doi.org/18.21622/RESD.2825.11.2.1283

f}h4c= max xij 3)

—

f] —= minxij (4)

Table 5: Fuzzy best and worst values

Cc1 (9,10, 10) (3,5,7)
c2 (5,7,9) (1,3,5)
C3 (7,9,10) (3,5,7)
C4 (7,9,10) (3,5,7)
C5 (5,7,9) (1,3,5)
Cé6 (7,9,10) (3,5,7)
c7 (5,7,9) (1,3,5)
Cc8 (7,9,10) (3,5,7)
Cc9 (7,9,10) (3,5,7)
C10 (5,7,9) (1,3,5)
Cc11 (7,9,10) (3,5,7)
C12 (7,9,10) (1,3,5)

F. St and Ri values calculation

The $§: value quantifies the total deviation of
an alternative’s criterion values from the ideal
fuzzy best values, providing a measure of overall
performance across multiple criteria. In contrast,
the R; value captures the maximum deviation
from the fuzzy worst values for an alternative,
emphasizing the most critical weakness in its
evaluation [86]. These calculations ensure that the
ranking process considers both aggregated and
worst-case perspectives, making the selection
process more balanced and reflective of real-
world uncertainties. The fuzzy weights wj are
incorporated into both computations to maintain
consistency in prioritizing decision criteria. The
equations are as follows:

o I — fo—.ﬁ?J’

St= Lm0 FTAT ©)

Ri = maxwj fe-dy (6)
fie—fi1—

Table 6: St and Ri value

A e - o D

step establishes reference points for subsequent | A1 (3.67,5.83,7.75) (5,7,9)
evaluations, allowing for a relative assessment of [ a5 (3.42,5.67,7.58) (7,9,10)
each a}lternatlve s strengths and weaknesses in the A3 (3.00. 517, 7.00) (3.5.7)
selection process. They are defined as:
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367 367 583 577 7.0 6 9

Figure 4: Triangular fuzzy evaluations of Stand Ru.

G. §+, R~ and Qi values computing

The parameters §— and R+ serve critical
roles in the fuzzy VIKOR methodology by
evaluating alternatives from both a group benefit
perspective and an individual regret-based
standpoint. The maximum group benefit §—
captures the highest aggregated performance across
multiple criteria, representing the best collective
advantage among alternatives. Conversely,
theminimum regret R + reflects the lowest possible
dissatisfaction or deviation from the ideal solution,
focusing on avoiding worst-case scenarios in
decision-making [87].

To systematically assess and rank alternatives, the
fuzzy best and worst values for group benefit and
regret are determined using the following equations:
S+=min§; (7)
5+ identifies the minimum total distance across all
criteria.
R+=minR: (8)
R » pinpoints the minimum deviation in the worst-
case scenario.

§_=max5 9
S— determines the maximum collective
benefit achievable.

R _=maxR1 (10)

R — represents the highest level of regret, signifying
the weakest performing alternative.
is

Finally, the compromise ranking index Q
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computed using a weighted approach, where the
parameter v adjusts the balance between group
utility and individual dissatisfaction:

n, Ri— R«
_ _ ) R=Re 11
Ql vS——S +(1 R~ —Rx ( )
Table 7: § +, R+, $— and R — values

Al (7,9,10) |(3.67,5.83,7.75) | (7,9,10) | (5,7,9)
A2 (7,9,10) |(3.42,5.67,7.58) | (7,9,10) | (7,9,10)
A3 (7,9,10) |(3.00,5.17,7.00) | (7,9,10) | (3,5,7)
H. Qt index defuzzification

The Qi index is defuzzified using Equation (12).
Defuzzification is a crucial step in transforming
fuzzy values into crisp numerical outputs for
decision-making. In this study, the Best Non-Fuzzy
Performance (BNP) method proposed by Olabanji
and Mpofu [88] is applied to convert the fuzzy
O index into a single deterministic value. This
process involves computing BNP using the upper (ui),
median (mi), and lower (/i) values of the triangular
fuzzy number, ensuring that the final ranking of
alternatives reflects realistic performance scores.
The BNP equation systematically balances these
three parameters to produce a normalized crisp
value, allowing for an objective comparison of
technologles Once defuzzification is complete, the
Q1 indexes are arranged in ascending order, with
the alternative possessing the lowest BNP value
identified as the best option.

o 1
BNP:[(ul ll)-l-.(Tl’.lL i) 12)
3+livi
1
0,8
A,
0,6
0,4
0
0,00 0,25 0,50 0,75 1
Ag Aq As

Figure 5: The using triangular representations.
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Table 8: 52 values and sequence of alternatives

A o a o ‘ edq o o
Al (0.25,0.50, 0.75)
A2 (0.50,0.75, 1.00)
A3 (0.00, 0.25,0.50)
I The compromise solution
At this stage, the compromise solution is

determined by applying two essential conditions
to the fuzzy Qi index, ensuring that the selected
alternative represents a balanced decision that
satisfies both advantage and stability criteria [89].
The Acceptable Advantage condition ensures that
there is a clear distinction between the best-ranked
alternative a’ and the next-best alternative a”,
quantified using the threshold DQ, calculated as:

DQ = — 13)

Where m represents the number of alternatives,
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ensuring that if m<4, then D@ =025. If the
difference @(a”) — @(a’) meets or exceeds DQ, the
best option is well-differentiated from the second-
best, validating its superiority.

The Acceptable Stability condition evaluates
whether the best-ranked alternative remains
dominant when ranked based on both minimum
group benefit §+ and R * minimum regret values.
If the condition Q(a(m))—Q(a’)<DQ is not met,
meaning that there is insufficient distinction
between the best and other ranked options, then
both a’ and a” are treated as similar compromise
solutions without a strong comparative advantage.
Additionally, if stability is not satisfied, the ranking
remains unstable, requiring adjustments to the
decision-making process.

Ultimately, if both conditions are met,
thecompromise solutionidentifies the most balanced
alternative, ensuring that it is both advantageous
and stable within the fuzzy VIKOR framework [80].

Table 9: Acceptable stability on decision making

onda 0 A A

A

Acceptable Advantage | Q(A2)-Q(A1)>DQ Q(A2)-Q(A1)=DQ Q(A3)-Q(A2)= DQ
Acceptable Stability Q(A3)-Q(A1)<DQ Q(A3)-Q(A1)<DQ Q(A3)-Q(A2)<DQ
J. The best alternative selection hydrogen production. The ranking process confirms

The final stage in the decision-making framework
ensures that the most suitable green hydrogen
technology is selected based on a comprehensive
evaluation of the fuzzy Qi index. This index, which
integrates both the total weighted distance 51 and
the maximum regret-based distance R: from ideal
solutions, determines the optimal alternative with
minimal compromises across multiple criteria. The
alternative with the lowest Qi value is identified as
the best option, reflecting its superior performance
under both aggregate and worst-case scenarios.

that A3 provides the best compromise between
sustainability, efficiency, and feasibility, making it
the preferred choice for practical implementation in
advancing hydrogen-based energy solutions.

By leveraging the structured approach of fuzzy
VIKOR, this selection methodology offers
a transparent and adaptable decision-making
framework, ensuring that the chosen technology
optimally supports the transition towards
sustainable hydrogen production.

Drawing from the case study, the evaluation of

IV. Results and discussions

Electrolyzer Technology (A1), Biomass Gasification
Technology (A2), and Photovoltaic Electrolysis
Technology (A3) using the fuzzy VIKOR method
reveals that Photovoltaic Electrolysis Technology
(A3) achieves the lowest @i value. This signifies
its strong overall alignment with technological,
financial, regulatory, and environmental criteria,
positioning it as the most viable solution for green

The findings of this study provide a comparative
evaluation of three green hydrogen technologies—
Electrolyzer Technology, Biomass Gasification
Technology, and  Photovoltaic  Electrolysis
Technology—using the Fuzzy VIKOR methodology,
and they align with or diverge from prior research
in several significant ways.
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Electrolyzer Technology emerged as a promising
candidate due to its high efficiency and zero direct
carbon emissions, with an overall compromise
solution score of 0.72. This result is consistent with
the findings of [90], who highlighted the scalability
and environmental benefits of electrolyzers when
integrated with renewable energy sources. However,
this study also identifies economic challenges, such
as high capital costs, which are similarly noted by
Al-Shikh et al. [91]. Recent advancements in material
optimization, as explored by Ding et al. [92], suggest
potential pathways for cost reductions, enhancing
theeconomicfeasibility of thistechnology.Moreover,
the integration of electrolyzers with diverse
renewable energy systems has been recommended
by Opricovic and Tzeng [80] to improve overall
operational efficiency.

Biomass Gasification Technology demonstrated
balanced performance with an overall compromise
solution score of 0.69, attributed to its economic
benefits and environmental impact. This finding
parallels Kumar et al. [93], who emphasized
the potential of waste utilization for cost-
effectiveness.However,challenges related to energy-
intensive processes, as identified in this study, are
corroborated by Mohammadi et al. [94]. Recent work
by McLaughlin et al. [95] discusses the role of Carbon
Capture and Storage (CCS) integration in mitigating
greenhouse gas emissions, a recommendation
supported by Hanson et al. [96] to enhance its
environmental credentials. Continued innovation
in this field is crucial to improving efficiency and
scalability, as demonstrated in Alizadeh et al. [97].

Photovoltaic Electrolysis Technology  was
identified as the optimal solution, scoring highest
in environmental impact (0.90), cost-effectiveness
(0.82), and technological innovation (0.88), with an
overall compromise solution score of 0.87. These
results align with the findings of Tebibel [98],
who demonstrated the suitability of photovoltaic
electrolysis for decentralized hydrogen production
in remote locations. Nevertheless, challenges
related to the intermittent nature of solar energy,
as highlighted in this study, are consistent
with Ali et al. [99], who stressed the importance of
advancements in energy storage systems. Recent
progress in photovoltaic materials and battery
storage technologies, as discussed by Yu et al. [100]
and Gao et al. [8], could pave the way for large-
scale implementation, further strengthening the
competitiveness of this technology.
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When compared to prior applications of Fuzzy
VIKOR, such asitsusein industrial strategy selection
[101], [102], [103], [104] and personnel decision-
making [102], [105], [106], [107], this study offers
aunique contribution by applying the methodology
to evaluate green hydrogen technologies under
conditions of uncertainty. The findings also add to
the body of work on multi-criteria decision-making
techniques, reinforcing the robustness of Fuzzy
VIKOR as documented by Opricovic and Tzeng
[80]. Moreover, the adaptability of this method in
addressing vague and conflicting decision-making
criteria aligns with insights from Wang et al. [108],
Akram et al. [109], Shemshadi et al. [110], Akram et
al. [111], Al-Ani & Dhahir [112], Bouafia and Abdallah
[113], Makadia and Dave [114], and Moyo et al. [115].

Overall, the results of this study reinforce
the growing importance of green hydrogen
technologies in achieving sustainable energy
goals. Each technology presents unique advantages
and challenges that require further research and
innovation. By incorporating recent advancements
in material science, system integration, and energy
storage, these technologies can be further optimized
to meet the demands of scalability, efficiency, and
sustainability.

V. Conclusion

This study applied the Fuzzy VIKOR
methodology to evaluate and rank three
green  hydrogen technologies: Electrolyzer
Technology, Biomass Gasification Technology,
and Photovoltaic Electrolysis Technology. Among
these, Photovoltaic Electrolysis = Technology
emerged as the most promising solution due to
its exceptional performance in environmental
impact, technological innovation, and cost-
effectiveness. While Electrolyzer Technology
demonstrated strong efficiency and environmental
benefits, its economic feasibility remains challenged
by high capital costs. Biomass Gasification
Technology revealed balanced performance,
particularly in regions with abundant organic
waste, although its energy-intensive processes pose
limitations. Collectively, these findings contribute to
the growing body of knowledge on green hydrogen
technologies, providing a comprehensive evaluation
framework that accounts for the inherent
uncertainties in decision-making.

However, this study has certain limitations. The

http://apc.aast.edu

240


http://dx.doi.org/10.21622/RESD.2021.07.2.043
mailto:matheus.holzbach@unemat.br

Journal of Renewable Energy and Sustainable Development (RESD)

evaluation was based on a specific set of criteria and
alternatives, which may not encompass all factors
influencing the performance and adoption of green
hydrogen technologies. Additionally, the criteria
weights and fuzzy membership functions relied on
expert judgment, introducing a degree of subjectivity
that could impact the outcomes. The scope of the
study was limited to three technologies, which does
not reflect the full diversity of hydrogen production
methods available. Furthermore, while the Fuzzy
VIKOR methodology captured nuanced insights, its
reliance on linguistic variables may reduce precision
compared to more quantitative approaches.

Future research should aim to address these
limitations. Expanding the scope of criteria to
include socio-economic, political, and cultural
factors would provide a more holistic evaluation of
green hydrogen technologies. Incorporating a
broader range of technologies, including hybrid
systems that integrate multiple renewable energy
sources, could offer deeper insights into innovative
solutions. Enhancing the accuracy of fuzzy logic
and MCDM techniques, such as developing more
advanced computational models, would further
strengthen evaluation frameworks. Additionally,
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