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ABSTRACT

This study presents a maturity model (MM) for supply chain resilience management (SCRM) in the
hydrogen sector, aimed at identifying resilience gaps and guiding improvements. The model is
developed using an iterative approach combining literature review, expert interviews, and case
studies. Grounded in design science research and complex adaptive systems (CAS) theory, the MM
supports building adaptable, scalable supply chains that can manage regulatory shifts and indus-
try transitions. Case study findings reveal that the development of SCRM maturity in the upstream
hydrogen sector is constrained by downstream uncertainties and fragmented market mechanisms.
Vertical integration across the supply chain significantly enhances hydrogen supply chain resilience.
The MM offers a structured approach for hydrogen companies to improve response capabilities and
apply scalable, strategy-aligned resiliencemeasures. Theoretically, it advances understandingof CAS
dynamics in SCRM. Practically, it provides managers with actionable guidance for implementing
resilience strategies across the industry.
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1. Introduction

1.1. Motivation

The COVID-19 pandemic exposed major weaknesses
in conventional supply chain resilience (SCR) strategies,
particularly those based on reactive measures such as
contingency planning. This disruption led to a broad
reassessment of supply chain design and risk manage-
ment approaches (Koh et al. 2024). In an increasingly
volatile environment, short-term responses are no longer
sufficient. There is growing interest in developing adap-
tive, long-term resilience mechanisms to support oper-
ational continuity and strategic sustainability (Echefaj
et al. 2024). Organisations aim to improve profitability
through more robust and integrated supply chains, while
also enhancing customer satisfaction and responsiveness
(Sena et al. 2022). Resilience-focused planning includes
anticipating customer needs and managing disruptions,
with attention to delivery reliability, cost efficiency, safety,
reserve capacity and recovery speed (Ivanov 2024).

SCR has gained further relevance in the global transi-
tion to a net-zero economy, where hydrogen is emerging
as a key energy carrier. Despite its potential, the hydrogen
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sector faces challenges in scaling and long-term viability,
particularly under industrial and infrastructure uncer-
tainty (Sgarbossa et al. 2023). Resilience in hydrogen
supply chains (HSCs) is an operational issue with pub-
lic relevance, given their links to policy, infrastructure
and stakeholder expectations (Rajabzadeh and Wiens
2024). Building resilient HSCs requires more than restor-
ing performance after disruptions. It demands adaptive
capabilities that respond to changing demand, technolo-
gies and regulations, operating within complex, inter-
connected business systems (Ivanov 2024). As resilience
needs become more specific in the hydrogen sector,
structured tools are increasingly required to assess and
guide its resilience capacity over time.

Performance evaluation frameworks in supply chain
management are broadly divided into performance mea-
surement andmaturitymeasurement (Bueno et al. 2025).
Performance measurement tools provide general indi-
cators, whereas maturity approaches offer phase-based
frameworks to track how specific capabilities develop
over time. Maturity models (MMs) conceptualise pro-
gression towards a desired state by defining key pro-
cess traits at each stage and the transitions between

© 2026 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
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them (de Andrade, Gusmão, and Silva 2021). They
have been successfully applied in areas such as artificial
intelligence (Fornasiero et al. 2024) and operations plan-
ning (Ferraro et al. 2023). Empirical evidence shows
thatmaturity-based approaches improve operational out-
comes by revealing opportunities for optimisation and
progressive development (Bititci et al. 2014).

Despite growing interest in SCR, models that explic-
itly address SCR management (SCRM) maturity are still
recent and underdeveloped (Roque Júnior, Frederico,
and Costa 2023). No standardised framework currently
assesses how resilience capabilities evolve in high-stakes,
emerging sectors such as hydrogen. Hydrogen SCRM
maturity calls for value chain-wide assessment of pro-
duction systems and the broader ecosystem (Sgarbossa
et al. 2023). Addressing this gap, this study develops a
conceptual MM for HSCs, providing a structured, long-
term approach to building and evaluating resilience in
this strategically vital sector.

1.2. Research aim

Given the early stage of hydrogen energy, related produc-
tion systems and applications, this study develops a Com-
plex Adaptive Systems (CAS)-based MM specifically for
HSCs. Themodel supports the evaluation of SCRMcapa-
bilities across different phases of industrial development.
The study is guided by two research questions:

1. How can a complexity-inspired maturity model rep-
resent and manage the evolution of HSCs, while
incorporating resilience capability assessment?

2. How effective is the proposed maturity model in
identifying constraints to HSC resilience?

The model was developed by analysing companies
within HSCs, focusing on internal and external factors
that shape SCRM. Grounded in CAS theory (Kong et al.
2025), the MM evaluates HSC resilience through opera-
tional, organisational and technical capabilities relevant
to hydrogen supply. The CAS lens highlights interde-
pendencies between social and ecological systems and
interactions among key actors, while incorporating spa-
tial resilience by considering structural and spatial pat-
terns. Situating HSC resilience within the wider busi-
ness ecosystem captures complex links across upstream
and downstream value chains, ensuring that assessments
reflect evolving sector dynamics and support more sus-
tainable transitions.

The paper is structured as follows: Section 2 reviews
the literature on HSC resilience and MMs in supply
chain management. Section 3 outlines the methodology
and model development process. Section 4 presents and

analyses the proposed model, followed by a discussion
of its applications in Section 5. Section 6 concludes and
outlines future research directions.

2. Conceptual and theoretical basics

SCR refers to the adaptive capacity to anticipate, respond
to, and recover from disruptions while maintaining oper-
ations and progressing toward amore resilient state (Han,
Chong, and Li 2020). Melnyk et al. (2014) identified SCR
as a supply chain management concept for mitigating
vulnerabilities, yet its conceptualisation remains debated.
Kong et al. (2025) clarify HSC resilience by defining it
through a CAS perspective. Table 1 summarises exist-
ing SCRM dimensions based on Han, Chong, and Li
(2020) and Singh, Soni, and Badhotiya (2019), while
Section 4 adapts these indicators to hydrogen-specific
contexts. For example, previous research distinguishes
‘visibility’ (real-time monitoring and traceability) from
‘IT capability/information sharing’ (data exchange via
technology) (Kamalahmadi and Parast 2016). Here, visi-
bility includes both technical systems and organisational
collaboration, combined into the operational criterion
‘Visibility and Transparency’. Commonly cited capabil-
ities such as redundancy, agility, and flexibility are incor-
porated, alongside sustainability and adaptability within
operational resilience (Shishodia et al. 2023).

Theoretical explorations of SCR often rely on frame-
works such as Dynamic resource-based view, Dynamic
Capability Theory, Resource Orchestration Perspective,
and Contingency Theory, which provide firm-centric
views but lack a systemic outlook (Gong et al. 2018;
Huang et al. 2023).While Systems Theory considers SCR
a systemic property, it inadequately addresses evolution
in dynamic supply chains (Raj et al. 2015). Given the
uncertainty and emerging characteristics of hydrogen
industry, a more dynamic framework is needed (Kong
et al. 2025). CAS theory conceptualises adaptive inter-
actions and emergent behaviours across multiple system
levels (Ghazzawi, Kuziemsky, and O’Sullivan 2016). This
perspective is particularly relevant for energy-sector sup-
ply chains critical to sustainable development but likely
impacted by external conditions. CAS Theory thus pro-
vides a robust foundation for addressing theoretical gaps
and advancing SCR in the HSC context.

Recent studies examine SCR in oil and gas (Seferlis
et al. 2021). Liu et al. (2020) propose a network inte-
grating multiple sources and hydrogen energy recovery,
while Bag et al. (2025) extend organisational information
processing theory to the GH2 industry, linking effective
information processing to resilience under high uncer-
tainty. However, few works adopt a system-based view or
treat resilience as amulti-scale, evolving property (Roque
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Júnior, Frederico, and Costa 2023). Building on Kong
et al.’s (2025) multi-layered CAS-based framework, this
paper develops a tailored MM to assess HSC develop-
ment. The following sections detail the model’s design
process.

3. Methodology

Design Science Research (DSR) generates scientifically
valid and practical knowledge by offering prescriptive
guidance, from concrete artefacts to design principles
and full design theories (Gregor and Zwikael 2024). This
study applies DSR to develop a novelMM.AlthoughDSR
has limitations (Barata, da Cunha, and de Figueiredo
2023), subjective design choices were reduced by follow-
ing Hevner et al.’s (2004) structured methodology and
obtaining timely feedback frommultiple researchers and
stakeholders. The risk of dominant perspectives was fur-
ther mitigated through a mixed-methods approach that
combined expert interviews, fuzzy SWARA and trian-
gulated data from the literature and company reports
(Barata, da Cunha, and de Figueiredo 2023). Ground-
ing the MM in CAS theory strengthens both its practical
relevance and theoretical rigour.

The research followed an iterative process of literature
review, interviews, multiple case studies and expert eval-
uations to refine and enhance theMM’s effectiveness and
usefulness (Becker, Knackstedt, and Pöppelbuß 2009)
(Figure 1). The following sections detail this process.

3.1. Conception phase

Before developing the MM, a conception phase involved
a systematic literature review to examine HSC resilience
and SCR practices, identify key challenges, and define the
model’s scope, objectives and characteristics. From this,
the MM’s dimensions, features and indicators were dis-
tilled, leading to an initial draft of maturity levels and
measures. The MM draws on multidisciplinary litera-
ture (Kong et al. 2025) and Roque Júnior, Frederico, and
Costa’s (2023) MM.

3.2. Design phase

The preliminary MM was developed through semi-
structured interviews to verify its dimensions, capabili-
ties, maturity levels and measurement instrument. Iter-
ative expert reviews refined the model until saturation
was reached (Becker, Knackstedt, and Pöppelbuß 2009).
Purposive and snowball sampling were used to recruit
experts with substantial HSC experience, based on: (1)
at least five years in the hydrogen industry, (2) senior or
safety management roles, and (3) direct involvement in

hydrogen safety or risk management. Participants came
from diverse sectors (Table 2). Two pilot interviews with
academics refined the interview guide (Malmqvist et al.
2019). Experts then assessed and ranked the MM’s crite-
ria and dimensions. Convergence in average scores across
iterations indicatedmodel saturation and stability. A final
iteration tested inter-rater reliability, confirming agree-
ment among experts and supporting theMM’s complete-
ness and robustness (Hevner et al. 2004). All interviews
were recorded and transcribed verbatim. Irrelevant con-
tent (e.g. modal particles) was removed before thematic
analysis, and field notes were used to capture non-verbal
cues. Interviewees reviewed and validated the analysis.
The MM was refined after each interview. In total, 28
interviews were conducted, balancing data saturation
with time constraints (Sebele-Mpofu 2020). Kendall’s W
was used to address concerns about quantitative cred-
ibility (Hashemkhani Zolfani, Yazdani, and Zavadskas
2018), while insights from a systematic review of 103
HSC resilience studies (Kong et al. 2025) mitigate this
limitation.

Data were analysed using thematic content analysis
(Nowell et al. 2017) in NVivo 14. Codes were assigned to
data segments, grouped into categories and then devel-
oped into themes. Dimension and criteria rankings were
examined using fuzzy SWARA, addressing research ques-
tion one.

3.3. Validation phase

The validation phase validates the model’s accuracy and
repeatability. An internal pilot study first addressed prac-
tical issues, with feedback from academics leading to
refinements. This was followed by expert evaluations,
during which clarity and completeness of the model were
discussed and adjusted with company participants (Dun-
zer et al. 2025). Seven case studies answering research
question two by assessing its practical application across
HSCs.

4. Results

4.1. PreliminaryMM

4.1.1. MM indicators and criteria

As outlined in Section 2.1, prior studies identified key
SCRM criteria. Building on these, this MM applies gen-
eral SCRM principles, defines dimensions and criteria,
and organises hydrogen-specific indicators. An iterative
content analysis, combining inductive and deductive rea-
soning, ensured alignment between HSC indicators and
established SCRM concepts (Singh, Soni, and Badhotiya
2019).
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Figure 1. Research methodology, redrawn from (Becker, Knackstedt, and Pöppelbuß 2009).

First-order concepts from 103 hydrogen resilience
sources and second-order SCRM themes informed third-
order elements in the technical, organisational, and oper-
ational domains, offering a concise yet holistic view of
HSC-specific risks (Kong et al. 2025; Siawsh et al. 2019).
The first iteration focused on coding MM components,
and the second integrated updated HSC literature, CAS
and SCRM insights, and peer feedback. CAS theory
guided the categorisation of indicators through a busi-
ness ecosystem lens and the adaptation of SCRM con-
cepts to hydrogen contexts. The MM’s indicators and
sub-criteria across the three dimensions are presented in
Supplementary Table 1.

4.1.2. Preliminarymaturity levels

The preliminary MM did not include quantitative
weighting. Instead, expert evaluations were used to rank
and synthesise criteria into the final model. CAS the-
ory shaped the maturity structure, supporting progres-
sion from reactive to proactive capabilities and from
manufacturing-level resilience to ecosystem integration

(Nair and Reed-Tsochas 2019). Maturity levels were vali-
dated through expert interviews. Adapting Roque Júnior,
Frederico, and Costa’s (2023) model, the MM advances
through four stages of resilience maturity:

(a) Initial:minimal awareness or application of resilience
(levels 1–2)

(b) Intermediate: initial recognition and implementa-
tion of core constructs (levels 2–3)

(c) Advanced: strategic integration with data-driven
management and coordination (levels 3–4)

(d) Business ecosystem: alignment with sustainable
development goals at industry level (levels 4–5).

4.2. ProposedMM

The preliminaryMMwas validated through expert inter-
views, resulting in the final version shown in Figure 2.
It comprises five levels representing stepwise resilience
development: the first three focus on internal capa-
bility building (manufacturing perspective), while the
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Table 2. Demographics of the interviewees. s = sector, indicated by capitalised abbreviations: S (Supplier), EM (Electrolysers Manu-
facturer), FS (Feedstock Supplier), FC (Fuel Cell Supplier), CCS (CCS Supplier), C (Consulting), ST (Hydrogen Storage), eM/H (experience,
Medium 5–10 years, High 10 years and over), cS/M/L (Company size, Small fewer than 50 employees, Medium 50–200 employees,
Large over 200 employees) rUK (region, UK). So that: Interviewee (I) corresponds to: sector = Supplier, experience = High, company
size = Large, region = UK.

Interviewee Sectors HSC functions Positions
Years of

experience
Company

size

Region/Elements
of the value

chains

(I) sSeHcLrUK H2 Supplier Production Chief engineer 10+ 500+ UK
(II) sSeHcLrNETH H2 Supplier Production Programmanager 10+ 500+ Netherland
(III) sEMeHcMrUK Electrolysers

Manufacturer
Support segment Business development

manager
10+ 50+ UK

(IV) sSeHcLrUK H2 Supplier Production Chief engineer 10+ 500+ UK
(V) sSeHcLrUK H2 Supplier Production Senior energy manager 10+ 500+ UK
(VI) sFSeHcLrMEX Feedstock Supplier

(Electricity)
Support segment Technical process

manager
10+ 500+ Mexico

(VII) sFCeHcLrUS H2 Fuel Cell Utilisation Vice President of Sales 10+ 500+ US
(VIII) sCCSeMcMrUK CCS Supplier Support segment COO 5+ 50+ UK
(IX) sSeHcLrFRAN H2 Supplier Production Chairman of the board 10+ 500+ France
(X) sFCeHcMrCN H2 Fuel Cell Utilisation CEO 10+ 50+ China
(XI) sCeMcSrNRA Consulting Policy-oriented

support segment
CTO 5+ 10+ Nigeria

(XII) sSTeHcLrCN H2 storage Storage and
distribution

CEO 10+ 500+ China

(XIII) sCeMcSrNRA Consulting Policy-oriented
support segment

CEO 5+ 10+ Nigeria

(XIV) sRDeMcLrGER R&D Support segment Scientist 5+ 200+ Germany
(XV) sCPeHcMrCN Complement

(Battery/Vehicle)
Support segment CEO 10+ 50+ China

(XVI) sCeHcSrUK Consulting Policy-oriented
support segment

CEO 10+ 10+ UK

(XVII) sFSeMcMrUK Feedstock Supplier
(Electricity)

Support segment Senior energy manager 5+ 50+ UK

(XVIII) sRDSeHcLrUK R&D/H2 Supplier Production Supply chain resilience
lead

10+ 500+ UK

(XIX) sSTeHcLrUK H2 Storage Storage and
distribution

Hydrogen Business
Lead

10+ 200+ UK

(XX) sRDSeMcLrUK R&D/H2 Supplier Production Business development
manager

5+ 500+ UK

(XXI) sCeHcLrUK Consulting Policy-oriented
support segment

Partner 10+ 500+ UK

(XXII) sVeHcLrUK H2 Vehicle Utilisation Head of Customer
Development

10+ 500+ UK

(XXIII)
sCeHcMrUK/MLAS

Consulting Policy-oriented
support segment

Chief Technical Officer 10+ 50+ UK/Malaysia

(XXIV) sIeMcMrCN Investor Support segment CEO 5+ 50+ China
(XXV) sFSeMcMr IDSA Feedstock Supplier

(Electricity)
Support segment COO 5+ 50+ Indonesia

(XXVI) sFSeHcLrCN Feedstock Supplier
(Electricity)

Support segment Senior Manager 10+ 500+ China

(XXVII) sSeHcLrCN H2 Supplier Production Hydrogen Business
Lead

10+ 500+ China

(XXVIII) sVeHcLrCN H2 Vehicle Utilisation Factory Director 10+ 500+ China

higher levels extend to influence on the wider ecosystem
(ecosystem perspective). Interview feedback refined ter-
minology and added three criteria: technical landscape
monitoring, clarity of organisational vision and mission,
and operational cost-down targets.

The model’s dimensions operate independently, with
each level defined by increasing capabilities for assessing
supply chain and resilience maturity. Each stage spec-
ifies objectives, stakeholder involvement, SCR actions,
progress indicators and a maturation path, illustrating
how hydrogen companies’ resilience develops and which
traits enable advancement (Ngai et al. 2013). Indicators

for all criteria are listed in Supplementary Table 1, with
supporting quotes in Supplementary Table 2. Given the
hydrogen industry’s technological immaturity and lim-
ited market development (Bag et al. 2025), the MM
emphasises production capacity, supply network struc-
ture, and operational and maintenance capabilities. Each
maturity stage reflects specific HSC characteristics and
resilience-building processes. With safety identified by
all interviewees as a sector-wide priority, the model is
grounded in operations management and technologi-
cal advancement, supported by case evidence. Resilience
development is non-linear, with uneven progress across
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Figure 2. The developed maturity model.

organisational, technical and operational areas. Maturity
levels may regress under external shocks, and divergent
growth paths can create feedback loops and spin-offs, as
discussed in Section 4.4.

Figure 3 shows the dynamic logic of the hydrogen
business across organisational, technical and operational
dimensions, linking HSCs to upstream/downstream
markets and government policy. It clarifies SCR dimen-
sions and inter-organisational ties. The blue line high-
lights key actions beyond maturity levels 1–2, particu-
larly at Level 3 (Scale-up Stage). Profitability depends
on operational efficiency and technical maintenance,
with reinvested profits supporting infrastructure, deliv-
ery, and market growth (XXVII sSeHcLrCN). Tech-
nology investments strengthen supplier reliability and
adaptability, while robust infrastructure, resource mobil-
isation, and IT systems improve stability, transparency
and responsiveness to disruption (XXI sCeHcLrUK;
XIII sCeMcSrNRA). Organisational learning, collabo-
ration and team resilience further enhance agility and

performance (VIII sCCSeMcMrUK). As hydrogen pro-
duction expands and specialises, systems shift from reac-
tive to proactive, reducing uncertainty and costs and
improving maintenance and risk management. These
reinforcing dynamics shape the strategic direction of
the Scale-up Stage (Section 4.3), where decentralisation
and stronger recovery capabilities enhance resilience and
competitiveness.

4.3. Discussion ofMM levels

Level-1: This stage marks the industry’s early formation,
driven by rapid technological progress and a focus on
reducing vulnerability. Priorities include infrastructure
development and capacity building. Hydrogen produc-
tion methods face cost and durability challenges (Hassan
et al. 2024). Innovation is evident in rising patent activ-
ity and research output (XXVI sFSeHcLrCN). Organi-
sations remain in the planning phase, with increasing
recruitment and reactive operations focused on timely
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Figure 3. Dynamic relationships across technical, organisational, and operational dimensions show mechanisms at maturity level 3,
while unconnected factors reflect expectations for levels 4 and 5.

delivery and inventory turnover (Bueno et al. 2025).
Fault management is largely post-event, although early
steps towards smarter systems are emerging (XIII sCeM-
cSrNRA).

Level-2: At the commercialisation stage, hydrogen
products enter the market with a focus on market share
and customer value (Alikhani et al. 2025). Technical reli-
ability becomes critical: ‘ . . . the most important is we
can trust the technical performance . . . ’ (X sFCeHcM-
rCN). Infrastructure scales with demand, supported by
preventive maintenance, emergency plans, and insur-
ance. However, ‘maintainability is quite difficult due
to its broad scope and limited data on most tech-
nologies’ (XII sSTeHcLrCN). As SCRM matures, firms
adopt flexible, project-based structures, strengthen emer-
gency response, and shift tomore customer-centric, data-
driven operations that improve decision-making and
reduce waste (Dankyira et al. 2024).

Level-3: This stage scales hydrogen businesses through
process standardisation, specialisation, and investment
in advanced equipment and management, aiming to
boost efficiency, reduce costs, and enable large-scale pro-
duction. Industries adopt greener technologies, creating a
mix of green, renewable and low-carbon hydrogen (Sgar-
bossa et al. 2023). Recovery protocols and monitoring

systems strengthen resource reallocation and preven-
tive maintenance. A combination of centralised and
decentralised controls manages risk and supports inte-
grated operations during commercialisation and expan-
sion (Dankyira et al. 2024).

Level-4: At the industrialisation stage, resilience
assessments extend to the wider ecosystem, with external
stakeholders and global partners playing key roles (Mok-
tadir and Ren 2024). Sustainable development depends
on integrating technology, market forces and organi-
sational dynamics within a strong ecosystem. Indus-
trial clusters reduce risk, foster innovation, and enhance
competitiveness (Nikookar, Gligor, and Russo 2024).
Advanced systems enable automated, real-time integra-
tion of energy and production networks, improving pre-
diction and collaboration. A resilience culture is rein-
forced through joint training, digitalisation and strong
supplier–customer partnerships (De Carolis et al. 2025;
Sarkis, Santibanez Gonzalez, and Koh 2019).

Level-5: HSCs demonstrate proactive, adaptive capa-
bilities through continuous planning and reflection. Scal-
ing hydrogen technologies requires policies that priori-
tise sustainability and innovation (Wood et al. 2023).
Fully customer-centric systems integrate operations, data
and stakeholder collaboration (Koh, Orzes, and Jia 2019).
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Digital twins and high-trust partnerships reduce uncer-
tainty. Sector-wide integration depends on coordination
with governments and communities to shape demand
and ensure long-term sustainability (Koh et al. 2017). As
one interviewee noted, ‘The goal isn’t just sustainability;
it is about creating a system that renews itself, reducing
waste while adding value’ (XXVII sSeHcLrCN).

4.4. Maturation paths and feedbackmechanisms

In the early stages, resilience is largely shaped by external
pressures, and an overly narrow internal focus can create
inefficiencies or overconfidence (Mohammed, Jabbour,
and Diabat 2021). As firms mature, they become better
able to respond to, and even shape, their environment.
Indicators such as vulnerability control (Supplementary
Table 1) capture this shift. Table 3 shows how exter-
nal pressures trigger adaptive responses through causal
loops (see also Supplementary Table 2). For instance,
at maturity level 1, unresolved technical issues increase
safety risks and undermine trust, which in turn reduces
policy support. Firms respond by deploying resilience
capabilities to restore reliability and meet policy expecta-
tions, progressing from reactive capacity to commercial
readiness.

The resilience patterns observed in HSCs align with
the emergent behaviours of CASs, as the industry evolves
through interaction and learning (Choi, Dooley, and
Rungtusanatham 2001; Dolgui and Ivanov 2021; Feiz-
abadi, Gligor, and Choi 2023). Initially, resilience is reac-
tive, exemplified by managing electrolyser supply short-
ages, yet these actions gradually lead to self-organisation
as firms reconfigure networks and form collaborative
clusters. As the sectormatures, co-evolution among tech-
nology, policy, and markets becomes a key resilience
driver, with subsidies and carbon pricing stimulating
research and development (R&D), improving electrol-
yser performance, and reinforcing policy support, while
diversification and renewable integration help maintain
balance amid volatility. Distributed learning and digital-
isation through predictive maintenance and digital twins
enable faster collective adaptation, while evolutionary
change replaces carbon-intensive practices with green
hydrogen and promotes circular industrial symbiosis.

Across maturity levels, HSC resilience exhibits pro-
gressively advanced features of CASs, evolving from
reactive responses toward coordinated network gover-
nance and ecosystem-wide co-evolution. The five-level
MM demonstrates how resilience capabilities develop
through structured transitions. Characteristics such as
stronger digital integration, lower performance variance,
and faster policy and investment alignment signal tipping
points in adaptive capacity, illustrating how micro-level

adaptation scales into macro-level resilience. By identi-
fying modularity and adaptive governance as mediating
mechanisms between self-organisation and hierarchy, the
MM refines the CAS perspective on distributed control
and nested structures within HSCs.

4.5. Fuzzy SWARA results

All interviewees acknowledged the challenges in allocat-
ing specific assessment criteria to distinct maturity levels,
noting that varying weights and emphases exist across
different dimensions. The SWARA analysis is limited by
an overrepresentation of experts from the upstream and
support segments. Nevertheless, fuzzy SWARA remains
an efficient tool for ranking criteria in expert-driven,
qualitative contexts like sustainability and resilience (Cui,
Wu, and Dai 2021). Unlike Analytic Hierarchy Process
(AHP) or Analytic Network Process (ANP), it avoids
complex pairwise comparisons and transitivity checks
(Ighravwe and Mashao 2023). Its low data requirements
and ability to handle ambiguity make it well-suited for
emerging sectors such as hydrogen. Improved Fuzzy
SWARA (IMF SWARA) was not used, as its complexity
and focus on issues like equal weighting and low influ-
ence of final rankings were not relevant to this study
(Stević et al. 2022).

Experts ranked the three key HSC dimensions to
assess their importance in the hydrogen sector. They
assigned fuzzy importance values between consecutive
criteria, which were aggregated and weighted using fuzzy
SWARA.The resultingweightswere then defuzzified into
crisp values, and an ordinal consistency check ensured
alignment between rankings and final weights (Stević
et al. 2022).

The steps of the fuzzy SWARA approach followed in
this study are:

Step 1: Collect fuzzy relative importance judgements
for the criteria (j, j = 1, 2, 3 · · · n).

A panel of 28 experts in HSC resilience ranked 13
indicators across three resilience dimensions: technical
(5 indicators), operational (4), and organisational (4).
The indicators ‘monitoring the landscape’ and ‘cost-
down targets’ were assessed by 21 and 27 experts respec-
tively, as they were introduced by participants during
the interview iterations. Experts first ranked indicators
within each category, then provided an overall ranking
across all dimensions. Using a fuzzy comparison scale
(Table 4), they assessed each indicator’s importance rel-
ative to the highest-ranked one, assigning fuzzy values.
Triangular fuzzy numbers (TFNs) were applied to cap-
ture uncertainty and subjectivity in expert judgements.
The TFNs were calibrated following established fuzzy
decision-making frameworks (Garg and Rani 2022) to
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Table 3. Selected adaptive feedback loops in maturity progression.

Causal Loops Quotes

Level 1
Reinforcing Loop1:
Government subsidies↑ → Increased corporate R&D
investment↑ → Improved technology maturity↑ →

Enhanced safety in hydrogen systems↑ → Increased
market acceptance↑ → Policy continuity↑

" . . . probably using government funding and public sector
funding to help develop products that are technologically
capable, or using private sector R&D funding to take that risk to
develop a product and then move that into a commercial
offering.’ (V sSeHcLrUK)

Reinforcing Loop 2:
Investment in infrastructure↑ → Improved user
convenience↑ → Higher sales of hydrogen products↑ →

Economies of scale↑ → Increased profitability of
hydrogen systems↑ → R&D investment↑

‘ . . . an electrolyser produces green hydrogen . . . would be stored in
some kind of storage tank . . . or transmitted via a pipeline . . . to
the final consumer . . . it could be like a hydrogen fuel cell in a
vehicle . . . ’ (I sSeHcLrUK)

" . . . some of the big gas consumers move over to hydrogen, they
can take the brunt of the infrastructure cost because they will take
so much hydrogen . . . ’ (V sSeHcLrUK)

Balancing Loop 1:
Technological bottlenecks unresolved↑ →

Increased probability of safety failures↑ → Public
trust↓ → Policy support↓

" . . . an excellent case study in the shape of . . . they have failed to
scale up their manufacturing operations to be able to deliver
their product in time . . . a massive drop in their share
price . . . their reputation has taken quite a hit.’ (I sSeHcLrUK)

Level 2
Reinforcement Loop 3:
Government subsidies↑ → Increased R&D investment↑
→ Improved technological reserves↑ → Increased
electrolyser performance↑ →

Lower green hydrogen costs↑ → Increased green
hydrogen profitability↑ → Expanded green hydrogen
production capacity↑

"They may lack some refinements in technology that may make
them affordable, suitable for several scales from small
companies to big companies . . . a logic evolution of any
industry . . . ’ (VI sFSeHcLrMEX)

Balancing Loop 2:
Trade embargoes↑ → Depletion of critical material
stockpiles↑ → Higher green hydrogen costs↑ → Green
hydrogen profitability↓ → Green hydrogen output↓ →

Market share↓ →Weakened profitability↓

" . . . when we plan our factories, we may consider the geopolitics
tension. And the pandemic, if the companies have their own
backup, enough backup, then they may ensure the last level of
disruption.’ (XXII sVeHcLrUK)

Level 3
Reinforcement Loop 4:
Scale-up of manufacturing capacity↑ → Increased
profits↑ → Greater investment in infrastructure↑ →

Enhanced reliability↑ → Improved HSC resilience↑ →

Increased delivery capability↑ → Expanded market
share↑ → Strengthened profitability↑

" . . . they’re going to learn a lot of things from building it, how
could they do it better, whatever construction, where they can
order the equipment from, and who can supply it cheaper . . . ’
(VII sFCeHcLrUS)

Balancing Loop 3:
Lower fossil fuel prices↑ → Cost advantage of green
hydrogen↓ →Market share↓ → Profitability↓ →

Investment appeal↓ → Infrastructure development↓

" . . . the problem with green hydrogen is the cost is considerably
higher for it to be economically viable . . . like 10, 15
percent . . . we can switch, but I think it’s like two or three times
at least.’ (XVIII sRDSeHcLrUK)

Level 4
Reinforcement Loop 5:
Rising profits↑ → Acquisition of other enterprises↑ →

Growth in enterprise scale↑ → Skilled workforce↑ →

Organisational governance capabilities↑ →More resilient
organisation↑ → Improved logistics capacity↑ →

Expansion of market share↑ → Increased profits↑

"Business ecosystem is really about developing the industrial scale
systems . . . they becomemore and more commercially viable so
you take advantage of economies of scale . . . ’ (XXV sFSeMcMr
IDSA)

‘ . . . we’re still finding scale up because we’re still trying to
understand how things work . . . it’s kind of hard-to-find experts
who understand what’s going on.’ (XVII sFSeMcMrUK)

Balancing Loop 4:
Growth in enterprise scale↑ → Operational costs↑ →

Profitability of green hydrogen↓ →

Green hydrogen production capacity↓ →Fulfilment of
market demand↓ → Public trust↓ → Profitability↓

" . . . one of the key features of the sector at the moment, is how to
transition from low-rate to high-rate manufacturing.’ (XXII
sVeHcLrUK)

" . . . learnability, I think that’s an interesting phrase because I think
one of the keys to resilience organisationally is to be able to
recognise what phase of development your organisation is.’ (I
sSeHcLrUK)

Level 5
Reinforcement Loop 6:
Rising profits↑ → Increased investment in ESG↑ →

Enhanced environmental compliance↑ →

Product innovation and improvement↑ → Greener
industrial ecosystems↑ → Customer satisfaction↑ →

Profitability↑

‘ . . . Maybe you should look at these three models of these three
areas of sustainability. Has it taken care of environmental
concerns? Has it taken care of social welfare of the people who
benefit employees or the host communities and all of that? . . . is
it also able to empower the company in terms of generating
finances?’ (XIII sCeMcSrNRA)

Balancing Loop 5:
New technological alternatives↑ → Hydrogen market
penetration↓ → Green hydrogen profitability↓ → Green
hydrogen production capacity↓ → Customer
satisfaction↓ → Policy support↓ → Shift towards a new
ecosystem↑

‘The goal isn’t just sustainability; it is about creating a system that
renews itself, reducing waste while adding value’ (XXVII
sSeHcLrCN)
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Table 4. Linguistic terms for relative importance judgements.

Category for 5 indicators Fuzzy Value (TFN) Interpretation

1–No Importance (0, 0, 0.25) No importance; at most
minimal relevance

2–Low Importance (0, 0.25, 0.5) Low importance; only
weak alignment

3–Moderate Importance (0.25, 0.5, 0.75) Moderate match
4–Importance (0.5, 0.75, 1) Strong match with minor

imperfections
5–High Importance (0.75, 1, 1) Very high confidence in

importance

Category for 4 indicators Fuzzy Value (TFN) Interpretation

1–No Importance (0, 0, 0.25) No importance; at most
minimal relevance

2–Low Importance (0.25, 0.5, 0.75) Low importance; only
weak alignment

3–Moderate Importance (0.5, 0.75, 1) Moderate match
4–High Importance (0.75, 1, 1) Very high confidence in

importance

Category for 3 indicators Fuzzy Value (TFN) Interpretation

1–Low Importance (0, 0.25, 0.5) Low importance; only
weak alignment

2–Moderate Importance (0.25, 0.5, 0.75) Moderate match
3–High Importance (0.5, 0.75, 1) Very high confidence in

importance

maintain consistency and moderate fuzziness. Linguistic
termswere converted into TFNs in accordance with prior
resilience and sustainability studies (Kuzu 2023). The
process was iterative, allowing refinement of judgments
(Cui, Wu, and Dai 2021).

Step 2 Calculate the aggregated average values (Sj) of
the experts’ evaluations for each criterion.

Combine the relative importance ratings of the criteria
using equation (1). Cui, Wu, and Dai (2023) refer to this
ratio as the comparative significance of the Sj value.

Sj =

(

∑n
1 lj
n

,

∑n
1 mj

n
,

∑n
1 uj
n

)

(1)

where (lj, mj, uj) is a TFN.
Step 3: Compute the coefficient value (Kj), recalculated

fuzzy weights (Qj) and relative weighting (Wj) of criteria
by expressions (2)–(4).

Kj = 1 + Sj (2)

whereKj represents criterion j’s co-efficient and Sj means
criterion j’s relative importance.

Qj =
Qj−1

Kj
(3)

where Qj means the initial weights for criterion j.

Wj =
Qj

∑n
1 Qj

(4)

whereWj represents the criterion’s j importance.

Kendall’s W results show strong expert agreement,
with an overall concordance coefficient of 0.6582 for
the three main criteria (Hashemkhani Zolfani, Yaz-
dani, and Zavadskas 2018). Among the sub-dimensions,
technical (W = 0.6514) and organisational resilience
(W = 0.6571) display similar consistency, while opera-
tional resilience (W = 0.568) indicates moderate agree-
ment, reflecting slightly greater variability in expert
judgement. Sensitivity analysis tested the stability of
the weights by reducing each criterion’s weight by 10%
(Bouraima et al. 2023). Modified TFNs were also applied
by widening the lower (l) and upper (u) bounds by 10%
while keeping the peak value (m) constant. In all cases,
the ranking order of weights remained unchanged, con-
firming the robustness of the results. The results con-
firm ordinal consistency, and reliability tests validate the
expert panel’s judgments. Detailed calculations are pro-
vided in Supplementary Information 3, and the interview
questions in Supplementary Information 4.

The final weighted results for each indicator are pre-
sented in Table 5. Technical reliability is identified as
the most important within the technical dimension. In
the organisational dimension, clarity of vision and mis-
sion holds the highest priority, while efficient manu-
facturing emerges as the most critical sub-criterion in
the operational dimension. These findings contrast with
Kazançoglu et al. (2022), who ranked supply chain visibil-
ity highest for the first tier. However, they align with Shah
et al. (2025), who identified cluster-based development
(efficient manufacturing) as a key enabler. This diver-
gence likely reflects the hydrogen sector’s early-stage
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Table 5. Results of weighted indicators based on fuzzy SWARA.

Technical Criteria
Comparative Importance

of Average Value Sj Coefficient Kj Recalculated Weight Qj WeightWj Crisp Weight

Technical Reliability – (1, 1, 1) (1, 1, 1) (0.247, 0.343, 0.425) 0.31
Monitoring the Landscape (0.25, 0.5, 0.75) (1.25, 1.5, 1.75) (0.571, 0.666, 0.8) (0.141, 0.229, 0.340) 0.22
Technical Independence (0, 0.25, 0.5) (1, 1.25, 1.5) (0.380, 0.533, 0.8) (0.094, 0.183, 0.340) 0.19
Vulnerability Control (0, 0.25, 0.5) (1, 1.25, 1.5) (0.253, 0.426, 0.8) (0.062, 0.146, 0.340) 0.17
Maintainability (0.25, 0.5, 0.75) (1.25, 1.5, 1.75) (0.145, 0.284, 0.640) (0.035, 0.097, 0.272) 0.12

Organisational Criteria

Clarity of Vision/Mission – (1, 1, 1) (1, 1, 1) (0.319, 0.368, 0.443) 0.36
Learnability/Life-cycle (0.25, 0.5, 0.75) (1.25, 1.5, 1.75) (0.571, 0.667, 0.8) (0.182, 0.245, 0.354) 0.25
Robustness (0, 0.25, 0.5) (1, 1.25, 1.5) (0.457, 0.667, 0.8) (0.145, 0.245, 0.354) 0.24
Agility (0.5, 0.75, 1) (1.5, 1.75, 2) (0.228, 0.381, 0.533) (0.072, 0.140, 0.236) 0.14

Operational Criteria

Efficient Manufacturing – (1, 1, 1) (1, 1, 1) (0.338, 0.415, 0.479) 0.4
Cost-down Targets (0.25, 0.5, 0.75) (1.25, 1.5, 1.75) (0.571, 0.667, 0.8) (0.193, 0.276, 0.383) 0.27
Adaptability (0.25, 0.5, 0.75) (1.25, 1.5, 1.75) (0.326, 0.444, 0.64) (0.110, 0.184, 0.306) 0.19
Transparency (0.25, 0.5, 0.75) (1.25, 1.5, 1.75) (0.186, 0.296, 0.512) (0.063, 0.123, 0.245) 0.14

Three Dimensions

Technical – (1, 1, 1) (1, 1, 1) (0.375, 0.443, 0.5) 0.43
Operational (0, 0.25, 0.5) (1, 1.25, 1.5) (0.667, 0.8, 1) (0.25, 0.3544, 0.5) 0.36
Organisational (0.5, 0.75, 1) (1.5, 1.75, 2) (0.333, 0.457, 0.667) (0.125, 0.202, 0.333) 0.21

development, where safety and technical reliability take
precedence over visibility due to an immature supply
network.

The MM assesses resilience across three dimen-
sions: Technical, Operational, and Organisational. Each
includes sub-practices rated on a 5-point Likert scale
(1 = Not implemented, 5 = Fully implemented) (Cor-
reia, Garrido-Azevedo, and Carvalho 2023). Since
resilience strategies rarely fit fixed levels, maturity is
measured by depth of implementation. Sub-dimension
scores (e.g. Organisational Resilience) are calculated
as weighted averages of their criteria (e.g. Robustness,
Agility), and overall HSC maturity is the weighted aver-
age of the three main dimensions. Progression requires
embedding more advanced practices and maintaining
balanced growth across dimensions.

5. Application of theMM

The MM was initially evaluated by two senior managers
from hydrogen-related firms, one supplying hydrogen
energy and the other producing hydrogen-based direct
reduced iron (H-DRI), each with over 500 employees.
Using a questionnaire adapted from Correia, Garrido-
Azevedo, and Carvalho (2023), they assessed the MM’s
relevance, comprehensiveness, mutual exclusivity, clarity
of maturity levels, ease of understanding, and practi-
cality. Both experts found the MM comprehensive and
well-suited for HSC resilience, confirming the relevance
and accuracy of its dimensions and maturity levels. One
noted potential subjectivity in terms like ‘implemented

but not fully embedded,’ leading to the addition of clar-
ifying examples (see Table 6). Another raised usability
concerns, suggesting the model’s breadth might hinder
efficient data collection. Digital visualisation tools were
recommended to improve usability.

5.1. Exploratory case studies

Seven exploratory case studies were conducted across
different segments of the HSCs, covering upstream elec-
tricity feedstock and hydrogen production as well as
downstream applications including mobility and fuel
cell deployment. Cases were selected using a purposeful
sampling strategy to ensure diversity in both organisa-
tional types and geographical regions. The cases cov-
ered state-owned, private, and publicly listed enterprises,
and spanned multiple regions, including China, France,
the United Kingdom, Africa, and Indonesia. This cross-
regional selection enabled the identification of patterns
or divergences shaped by local contexts. The sample size
was guided by theoretical saturation, ensuring compre-
hensive insights while maintaining analytical depth. The
results demonstrate the model’s effectiveness in captur-
ing different levels of resilience capability across diverse
industrial contexts. Details of the case companies and
interview participants are provided in Table 7. The eval-
uation results are present in Figure 4.

Case A, a state-owned Chinese automaker specialising
in hydrogen heavy-duty trucks, has over 500 employ-
ees and 50 years of experience. Positioned at the vehicle
utilisation stage, it relies on external partners for hydro-
gen supply. With a maturity score of 2.90 (Figure 4), it
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Table 6. Sample illustration of the indicators.

Criteria: Technical Resilience
Sub Criteria: Foundation of system coordinated development (Vulnerability Control)
Strategy: ‘Hazard identification, risk assessment, weakness identification, and penetration testing to identify
potential vulnerabilities."

Rating on the 5-Point Likert Scale:
(1): Not implemented; the organisation has no formal processes or tools for hazard identification or
penetration testing.

(2): Partially implemented; some ad hoc efforts are made to identify risks and vulnerabilities, but these are
inconsistent and lack formal structure or documentation.

(3):Moderately implemented; the organisation has processes for hazard and risk assessment, but
implementation is limited, with periodic rather than continuous coverage. Penetration testing is done but
not applied systematically across all systems.

(4):Well- implemented; comprehensive, systematic hazard identification and risk assessment processes are in
place, with routine penetration testing. Results are documented and actively inform decision-making and
continuous improvement.

(5): Fully implemented; hazard identification, risk assessment, and penetration testing are fully integrated
into operations, covering all critical areas. Continuous monitoring and adaptive improvements enable
proactive vulnerability management.

Figure 4. Exploratory case study results.

has reached commercialisation but not scale-up. It shows
strong operational and organisational resilience but faces
challenges from supplier dependence and limited tech-
nical independence. Despite a flexible job-shop model,
its large size limits agility. Policy support exists, but lim-
ited infrastructure and supplier reliance hinder growth.

Case B, a Chinese green hydrogen producer for industrial
decarbonisation, scored overall (3.96), especially higher
in organisational (4.48) and technical (3.87) resilience,
highlighting upstream firms’ strength in coordination
and resilience-building. Case C, a private Chinese hydro-
gen fuel cell company for mobility and stationary uses,
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Table 7. Overview of case companies and participants.

Case study Layer of the HSC Ownership structure Participants Locations

Case study A Hydrogen truck State-owned enterprises Chief factory manager,
technical director, operations
control manager

China

Case study B Hydrogen supply State-owned enterprises Business development
manager, hydrogen business
lead, operations director

China

Case study C H2 fuel cell Privately held enterprises CEO and technical director China
Case study D Feedstock supplier

(electricity)
Subsidiary of a public-
limited company

CEO and chief technical officer Africa

Case study E HSCs Publicly owned company Chairman of the board and a
project manager

France

Case study F Hydrogen storage Privately held enterprises Chief technical officer and
founder

UK

Case study G Feedstock supplier
(electricity)

State-owned enterprises Operations advisor and officer
of production management

Indonesia

scored moderately (2.96). It has niche technical strengths
but struggles with scaling and broader supply chain inte-
gration.

Case D, an African subsidiary of a publicly listed
energy firm, provides renewable electricity to hydrogen
production. Its score of 3.21, driven by strong organi-
sational (3.86) and operational (3.21) aspects, suggests
renewables sectors can support HSC resilience through
more mature operations and infrastructure management
experience. Similarly, Case E, a global French indus-
trial gas company, leads with the highest maturity (4.45),
reflecting technical strength (4.25), robust organisation
(4.72), and advanced operations (4.53). The interviewee
noted: ‘As a century-old enterprise, we can always recover
quickly in a crisis.’ Its vertical integration supports bal-
anced and mature resilience.

Case F, a UK-based liquid hydrogen storage com-
pany, scored relatively low overall (2.91), particularly
in technical resilience (2.71). Despite active industry
involvement and specialised knowledge, its narrow tech-
nological focus and lack of supply chain integration
limit its resilience. Similarly, Case G, a state-owned solar
PV enterprise, recorded the lowest overall score (2.74).
Although its renewable technologies could support a
hydrogen hub, Case G’s low technical (2.27) and opera-
tional (2.87) scores indicate an early-stage position in the
hydrogen value chain. Interview evidence reveals deeper
structural and contextual barriers. The interviewee noted
that ‘the regulation is not that supportive yet . . . they
keep thinking about changing the regulations’, reflecting
policy instability that limits capability development. Fre-
quent changes to export–import rules and capacity limits
were described as ‘a major disruption that most other
players face,’ while ‘local solar modules compete with
international products,’ exposing firms to market pres-
sures. These uncertainties constrain planning and adap-
tation, leaving the firm ‘working in an unfair space.’ This
case highlights the need for consistent policy support and

protective quotas to strengthen local firms in the early
stages of hydrogen development.

5.2. Cross-case comparison

A comparison of upstream and downstream segments
reveals distinct differences in resilience maturity.
Upstream actors such as Case B and Case D, involved
in electricity or hydrogen production, show higher oper-
ational maturity due to established infrastructure and
experience. However, their resilience remains limited by
uncertain downstream demand. As noted by a Case D
interviewee, ‘I wouldn’t say we’ve actually captured a
larger share of the hydrogen market here in . . . ’ Case G
illustrates that scalability is hindered without a reliable
market and supportive environment. As one interviewee
stated, ‘regulatory risk or market risk . . . a way to prevent
that risk should come first . . . ’ In contrast, downstream
firms including Case A with hydrogen trucks, Case C
with fuel cells, and Case F with aerospace storage show
lower overall maturity than Cases B and D. These firms
face challenges such as evolving customer demand and
limited infrastructure, reflecting the early stage of hydro-
gen applicationmarkets. The strong performance of Case
E highlights the value of vertical integration across the
value chain, demonstrating that supply network integra-
tion supports more balanced and robust resilience.

The cross-case comparison reveals clear differences
in resilience maturity across firms and value-chain posi-
tions. Mapping maturity levels to actionable improve-
ments demonstrates how the model converts assessment
results into development pathways. Early-stage firms
(Levels 1–2: Cases G, A, C, F) require stronger technical
readiness, infrastructure, and capability building. Their
dependence on external partners and weak coordina-
tion highlight the need for supplier diversification, dig-
ital integration, and targeted R&D, supported by subsi-
dies and early transformation policies. Intermediate firms
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(Level 3: Cases B, D) show higher system integration
and adaptive management, focusing on data coordina-
tion and cross-sector partnerships. At advanced stages
(Levels 4–5: Case E), system resilience becomes network-
oriented, characterised by predictive management, con-
tinuous improvement, and ecosystem-wide collabora-
tion, supported by market incentives that drive innova-
tion and decarbonisation.

The cases show that high resilience capability scores
do not guarantee resilience progression, as actual per-
formance depends on market conditions, environmental
barriers, and policy uncertainty. For example, Case B
scores well but relies on downstream demand to improve
resilience. These findings highlight the hydrogen sec-
tor’s interdependent and evolving nature, emphasising
the need for cross-sectoral coordination. The case stud-
ies confirm the MM’s practical value in assessing HSC
resilience. The findings from Case G align with those
of Permana, Handoko, and Gomonov (2025), while the
findings from Case E reflect the industrialisation level
observed by Bag et al. (2025), further demonstrating the
model’s practicality. While further validation is needed,
its grounding in literature and expert input supports
continued development and application.

6. Discussion

This study develops a novel framework to evaluate HSC
resilience maturity, extending SCRM models with HSC-
specific criteria and system-level integration. The MM
captures dynamic interactions within hydrogen produc-
tion and its value chain, offering a systematic way to anal-
yse resilience capabilities across maturity stages while
accounting for regulatory and market contexts, address-
ing research question one. It supports industry-wide
benchmarking across diverse national settings, validated
through seven case studies, addressing research question
two. The MM outlines progression from manufacturing
resilience at lower levels (1–3), focused on disruption
resistance and recovery, to ecological resilience at higher
levels (4–5), emphasising external networks, sustainabil-
ity, and adaptive capacity. Themodel helps firms navigate
globalisation and Industry 4.0. As hydrogen’s role in sus-
tainability grows, it offers guidance to close resilience
gaps under shifting policies and markets.

Unlike existing models that target established sectors
or remain conceptual (Bueno et al. 2025; Fornasiero et al.
2024; Guerra et al. 2024; SMR 2017), this MM specifi-
cally addresses HSC resilience needs, including hazard
management, sustainable production, and market adapt-
ability via a stepwise framework. Unlike Mendes, Leal,
and Thomé (2016), which ends at ‘optimised demand-
driven’ maturity, this model uses a CAS lens to reflect

long-term ecosystem evolution, prioritising sustainabil-
ity and renewable transitions. Aligned with IEA (2025)’s
concept of technological maturity as widespread deploy-
ment with incremental innovation, it extends maturity
to organisational and operational domains, reflecting the
non-linear nature of supply chain resilience. Exploratory
case studies show the model’s effectiveness in identify-
ing resilience levels and guiding progression. Grounded
in a strong SCRM foundation, theMM’s dimensionsmay
be applicable to other emerging, sustainability-focused
industries (Table 8).

6.1. Implications for research

This study traces SCRM’s evolution from reactive
recovery to proactive adaptation, reflecting ecological
resilience. TheMMelaborates CAS principles by evaluat-
ing adaptability, learnability, and responsiveness, distin-
guishing early internal resilience (Levels 1–3) from eco-
logical resilience (Levels 4–5) to clarify system bound-
aries and improve CAS’s predictive power in hydro-
gen contexts. Unlike Cynefin, which supports short-term
responses by categorising problems but lacks guidance
for long-term, systemic improvement, this MM con-
tributes to CAS theory by clarifying industry devel-
opment boundaries and guiding continuous resilience
enhancement in the hydrogen sector (Nachbagauer
2021).

The MM does not explicitly account for firm size or
age, though both influence resilience. Larger firms tend
to handle disruptions better due to greater resources, and
older firms benefit from accumulated experience (Parast
andGolmohammadi 2022). Themodel assumes a general
progression from smaller, reactive firms to larger, proac-
tive ones. Interviewees confirmed this: startups report
frequent disruptions, while established firms experi-
ence fewer, linking organisational maturity to resilience.
While MMs often associate higher maturity with bet-
ter financial performance (de Andrade, Gusmão, and
Silva 2021), this MM emphasises resilience as a devel-
opmental goal. Maturity level 1 focuses on infrastruc-
ture and reliability, with profitability becoming crucial
during commercialisation and scale-up. During levels 4
and 5, reliability and profitability are established, shift-
ing the focus to green development and new applications.
The MM measures progress through resilience capabili-
ties and defines sustainable growth aligned with societal
needs as the highest maturity level.

Limitations of this study include qualitative approach,
expert reliance, and focus on specific HSC contexts
limit the generalisability of its findings. The small sam-
ple and early-stage market focus restrict applicabil-
ity to mature or diverse markets. Although this work
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Table 8. Comparisons to other MMs.

Aspect

(Goncalves Filho,
Andrade, and
Marinho 2010) (Ngai et al. 2013)

(Mendes, Leal, and
Thomé 2016) (SMR 2017)

(Asah-Kissiedu
et al. 2021)

(Henriquez,
Muñoz-Villamizar, and

Santos 2023) (Fornasiero et al. 2024)
(Dunzer et al.

2025)
(Bueno et al.

2025)
Novelty of this

work

Scope and
context

Safety culture in
Brazilian oil and gas
organisations

Environmental
sustainability in
manufacturing, energy
and utility resource
management

Global consumer
packaged goods
company in the
beverage industry
operating in Brazil,
the United States,
and Uruguay.

Resilience building
process of European
cities Urban
management

An integrated SHE
(Safety, Health, and
Environment)
capability MM for
the construction
sector.

Operational excellence
tailored to
businesses in
Colombia Multiple
sectors

AI and big data applied
across Europe’s
process industries,
including chemicals,
steel, cement,
ceramics, water, and
engineering.

Process mining
capabilities in
manufacturing
and logistics
technology
applications

Smart shop floor
control
(Industry 4.0)

Addresses HSC-specific
challenges, using
resilience indicators
tailored to HSC
management and
industrial transition. It
introduces resilience
capabilities as
measurable constructs
specific to HSCs

Theoretical
foundation

Safety culture model;
IAEA’s three-stage
safety culture
development model

Capability Maturity Model
Integration (CMMI) in a
staged representation

Demand-driven
supply chain
concepts; push-pull
systems;

contingency Theory

Contemporary
theories in resilience
engineering

CMMI concepts Natural
resource-based
view;

institutional
theory-based view;
CMMI

Organisational and
human factors;

industry 4.0 and
digital transformation

Maier, Moultrie,
and Clarkson
(2011)’s
technology-
focused MM

Socio-technical
systems theory

Grounded in CAS theory,
this is a novel model to
clarify hydrogen industry
development stages and
inform future capacity
building through
resilience capability and
causal loop analysis.

Constructs and
levels

5-level MM: 1 –
Pathological, 2 –
Reactive, 3 –
Bureaucratic, 4 –
Proactive and 5 –
Sustainable

5-level MM:
Initial (ad hoc processes);
Managed (requirements
and control); Defined
(standardised processes);
Quantitatively Managed
(data-driven performance);
Optimising (continuous
improvement)

5-level MM:
Basic Push Operation;
Optimised Push;
Hybrid Push-Pull;
Advanced
Demand-Driven
(Pull); Optimised
Demand-Driven (Pull)

5-level MM: Starting,
Moderate,
Advanced, Robust,
and Vertebrate

A 5-level continuous
capability MM

5-level MM: 1- Basic
Level, 2- Beginner
Level, 3- Training
Level, 4- Innovative
Level, 5- Champion
Level

4-level model: Level 1:
No AI/BD use; low
awareness;

Level 2: Limited
experimentation; Level
3: Active
implementation with
impact; Level 4: Full
adoption and
optimisation; AI/BD is
integral.

5 maturity levels
for each focus
areas

5-level MM:
Level1

Non-existent,
Level2–Digitalised,
Level3–Integrated,
Level4
Automated,
Level5–Smart

Distinguishes between
manufacturing resilience
(Levels 1–3: resistance
and recovery) and
ecological resilience
(Levels 4–5: external
network development
and sustainability)

evaluates resilience across
production systems, HSC
networks, and the broader
hydrogen ecosystem. It
contributes to CAS theory
by breaking down
system-level resilience into
a measurable set of
agent-level capabilities,
providing a framework to
empirically assess a
system’s adaptive capacity.

Validation Validated by 23
Brazilian and
multinational
petrochemical
companies

A case study of a Chinese
textile manufacturing
company based on a
one-month observation

A case study in the
beverage sector
across Brazil, the
United States, and
Uruguay

Delphi-validated
across cities,
strategic but
requires local
tailoring.

Validated in a
Ghanaian
construction firm
and a survey of 15
professionals,
reflecting local
safety, health and
environmental
practices.

Validated via expert
interviews in 49
Colombian
companies

Validated with 30
companies and two
industry workshops

Systematic
case-study
review and 12
semi-structured
interviews with
logistics experts

Case study with
four managers
in a Brazilian
steel
manufacturer

Although currently focused
on HSCs, the model
applies triangulated
validation using
literature synthesis,
industry case
comparisons, and expert
judgment.
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illustrates maturation progression through causal mech-
anisms across levels, additional causal relationships
between variables in the MMmay emerge under specific
scenarios and contexts. Although theoretically sound, the
MM’s empirical testing covers only seven cases, requir-
ing further validation of its assumptions (Gökalp and
Martinez 2021).

6.2. Implications for practice

This MM combines descriptive and comparative meth-
ods to assess resilience levels and enable benchmark-
ing in the hydrogen industry. The MM offers insight
into a firm’s position and guides targeted improvements,
including how to respond to hydrogen-sector risks such
as high energy andwater demands and hydrogen leakage,
which require better regulation and support for renew-
able energy communities (Kyriakopoulos and Aravossis
2023).

Government subsidies can support growth but also
risk creating dependency and weakening technical inde-
pendence and adaptability (Robinson et al. 2023). The
MM captures this through technical independence,
adaptability and organisational learnability. Interviewees
recognised the value of supportive policies but warned of
their risks in immature hydrogen markets. Case G shows
how policy instability and shifting support schemes
amplify uncertainty and undermine long-term capabil-
ity building, emphasising the need for a consistent, pre-
dictable regulatory frameworkwith stable export–import
rules and clear protective measures such as quotas. Over-
all, policies should balance short-term support with long-
term sustainability, requiring strategic patience and com-
mitment (Li et al. 2023).

7. Conclusion

This study presents an MM based on CAS theory and
tailored to hydrogen, guiding resilience and responsive-
ness improvements. The case study reveals that supply
network integration enhances HSC resilience. Hydrogen
companies can use the MM to identify gaps in their
resilience capabilities and improve readiness for proac-
tive, sustainable HSCs. As derived from the cross-case
comparison, policy recommendations include phased
support: R&D and infrastructure building subsidies at
early stages (maturity level ≤1), supply chain transfor-
mation quotas during commercialisation and scale-up
(maturity level 2 and 3), and market-based incentives for
decarbonisation in more mature phases (level ≥3).

The proposed MM is specific to the emerging
hydrogen industry. As the sector remains technolog-
ically immature and policy-fragmented, its resilience
indicators and development pathways may evolve with

future advancements andmarket stability. Periodic reval-
idation and application to other renewable sectors are
therefore recommended. The expert sample, reflecting
the early-stage nature of the industry and dominated by
upstream stakeholders, may bias results toward produc-
tion concerns while underrepresenting downstream and
organisational views. Emphasis on technical and opera-
tional factors may also overlook broader organisational
aspects of value chain resilience. Although fuzzy SWARA
reduced uncertainty, it could not fully address this imbal-
ance, highlighting the need for more diverse expertise
as the industry matures. Case study validation was con-
strained by limited size and diversity, with contextual
variables such as firm size and regulation affecting out-
comes. Broader testing across varied hydrogen compa-
nies is needed to verify assumptions and enhance the
model’s applicability. Additionally, future research could
examine sustainability and market maturity to provide a
more comprehensive view of sector development. This
would help establish standards for assessing the MM’s
quality and practical value in emerging sectors.

Acknowledgements

The authors gratefully acknowledge the funding fromResearch
England and support from the South Yorkshire Sustainabil-
ity Centre, Energy Institute, and Faculty of Social Sciences of
the University of Sheffield. The authors would like to express
their sincere appreciation to the editors and reviewers for their
insightful comments.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by Faculty of Social Science, Univer-
sity of Sheffield.

Notes on contributors

Liang Kong is a Research Associate in the
Management School at the University of
Sheffield, specialising in the resilience of
food and renewable energy supply chains.
She is a member of the Grantham Cen-
tre for Sustainable Futures and the South
Yorkshire Sustainability Centre.

Lenny Koh is Cross-cutting Chief of
Resource Sustainability, Founder and
Director of the Advanced Resource Effi-
ciency Centre (AREC) at The University
of Sheffield, UK. She is the Lead of sus-
tainability and supply chain of the UKRI
compound semiconductor manufacturing
hub and is the Deputy Director of the



18 L. KONG ET AL.

UKRI IGNITE manufacturing hub. She advises on leader-
ship and management focussing on resource efficiency, secu-
rity, resiliency and sustainability. Her interdisciplinary work
advances the understanding and resolution of complex sup-
ply chains and information systems. Her H index is 85 and
her work appear in many top journals. She has been PI/CoI of
> £150million grants and leads large team of researchers.

Darren Robinson PhD CEng is Chair in
Architectural and Urban Sciences at the
Sheffield School of Architecture and Land-
scape and Co-Director of the University’s
Energy Institute. His personal research
activities lie at the intersection between
social physics (people), building physics
(buildings) and urban physics (city): peo-

ple • buildings • city.

Vania Sena is the Chair of Enterprise
and Entrepreneurship at the University of
Sheffield.Her research revolves around the
use of new technologies and their impact
on business performance.

MatthewWood is a Senior Lecturer in the
School of Sociological Studies, Politics and
International Relations (SPIR) at the Uni-
versity of Sheffield. He convenes the SPIR
Governance and Public Research Cluster.

Data availability statement

The data that support the findings of this study are available
from the corresponding author, [LK], upon reasonable request.

References

Alikhani, R., A. Ranjbar, S. A. Torabi, and C. W. Zobel.
2025. “Performance Evaluation of Concurrent Supply Chain
Resilience Strategies.” International Journal of Production
Economics 279:109446. https://doi.org/10.1016/j.ijpe.2024.
109446.

Asah-Kissiedu, M., P. Manu, C. A. Booth, A.-M. Mahamadu,
and K. Agyekum. 2021. “An Integrated Safety, Health and
Environmental Management Capability Maturity Model for
ConstructionOrganisations: ACase Study inGhana.”Build-
ings 11 (12): 645. https://doi.org/10.3390/buildings11120645.

Bag, S., S. Routray, M. S. Rahman, and S. K. Shrivastav. 2025.
“Investigate the Effect ofGreenHydrogen SupplyChain Inte-
gration on Supply Chain Resilience: Organization Informa-
tion Processing Theory Perspective.” International Journal of
Production Economics 284:109613. https://doi.org/10.1016/j.
ijpe.2025.109613.

Barata, J., P. R. da Cunha, and A. D. de Figueiredo.
2023. “Self-reporting Limitations in Information Systems

Design Science Research.” Business & Information Sys-
tems Engineering 65 (2): 143–160. https://doi.org/10.1007/
s12599-022-00782-8.

Becker, J., R. Knackstedt, and J. Pöppelbuß. 2009. “Devel-
oping Maturity Models for IT Management: A Procedure
Model and Its Application.” Business & Information Sys-
tems Engineering 1 (3): 213–222. https://doi.org/10.1007/
s12599-009-0044-5.

Bititci, U. S., P. Garengo, A. Ates, and S. S. Nudurupati.
2014. “Value of Maturity Models in Performance Measure-
ment.” International Journal of Production Research 53 (10):
3062–3085. https://doi.org/10.1080/00207543.2014.970709.

Bouraima, M. B., N. A. Tengecha, Ž Stević, V. Simić, and I.
Tanackov. 2024. “An Integrated Fuzzy MCDM Model for
Prioritizing Strategies for Successful Implementation and
Operation of the bus Rapid Transit System.” Annals of Oper-
ations Research 342 (1): 141–172. https://doi.org/10.1007/
s10479-023-05183-y.

Bueno, A., M. G. Filho, M. Cecconello, L. A. de Santa-Eulália,
R. G. G. Caiado, G. M. D. Ganga, and J. V. Carvalho.
2025. “Advancing towards Industry 4.0: A Maturity Model
for Smart Shop Floor Control.” International Journal of
Production Economics 282:109538. https://doi.org/10.1016/j.
ijpe.2025.109538.

Choi, T. Y., K. J. Dooley, and M. Rungtusanatham. 2001. “Sup-
ply Networks and Complex Adaptive Systems: Control ver-
sus Emergence.” Journal of Operations Management 19 (3):
351–366. https://doi.org/10.1016/S0272-6963(00)00068-1.

Correia, E., S. Garrido-Azevedo, and H. Carvalho. 2023. “Sup-
ply Chain Sustainability: A Model to Assess the Matu-
rity Level.” Systems 11 (2): 98. https://doi.org/10.3390/
systems11020098.

Cui, L., H. Wu, and J. Dai. 2021. “Modelling Flexible Decisions
about Sustainable Supplier Selection in Multitier Sustain-
able Supply Chain Management.” International Journal of
Production Research 61 (14): 4603–4624. https://doi.org/10.
1080/00207543.2021.1924412.

Dankyira, F. K., D. Essuman, N. Boso, H. Ataburo, and
E. Quansah. 2024. “Clarifying Supply Chain Disruption
and Operational Resilience Relationship from a Threat-
Rigidity Perspective: Evidence from Small and Medium-
Sized Enterprises.” International Journal of Production
Economics 274:109314. https://doi.org/10.1016/j.ijpe.2024.
109314.

de Andrade, C. T. A., A. P. H. de Gusmão, and W. Silva. 2021.
“World Class Manufacturing Performance Measurement
Using a Maturity Model and the FlowSort Method.” Inter-
national Journal of Production Research 59 (24): 7374–7389.
https://doi.org/10.1080/00207543.2021.1970845.

De Carolis, A., C. Sassanelli, F. Acerbi, M. Macchi, S. Terzi,
and M. Taisch. 2025. “The Digital REadiness Assessment
MaturitY (DREAMY) Framework to Guide Manufactur-
ing Companies towards a Digitalisation Roadmap.” Interna-
tional Journal of Production Research 63:5555–5581. https://
doi.org/10.1080/00207543.2025.2455476.

Dolgui, A., and D. Ivanov. 2021. “Ripple Effect and Supply
Chain Disruption Management: New Trends and Research
Directions.” International Journal of Production Research
59 (1): 102–109. https://doi.org/10.1080/00207543.2021.
1840148.

Dunzer, S., S. Zilker, S. Weinzierl, W. Tang, F. Dieck-
mann, S. Stenglein, J. Rist, and M. Matzner. 2025. “A

https://doi.org/10.1016/j.ijpe.2024.109446
https://doi.org/10.1016/j.ijpe.2024.109446
https://doi.org/10.3390/buildings11120645
https://doi.org/10.1016/j.ijpe.2025.109613
https://doi.org/10.1016/j.ijpe.2025.109613
https://doi.org/10.1007/s12599-022-00782-8
https://doi.org/10.1007/s12599-022-00782-8
https://doi.org/10.1007/s12599-009-0044-5
https://doi.org/10.1007/s12599-009-0044-5
https://doi.org/10.1080/00207543.2014.970709
https://doi.org/10.1007/s10479-023-05183-y
https://doi.org/10.1007/s10479-023-05183-y
https://doi.org/10.1016/j.ijpe.2025.109538
https://doi.org/10.1016/j.ijpe.2025.109538
https://doi.org/10.1016/S0272-6963(00)00068-1
https://doi.org/10.3390/systems11020098
https://doi.org/10.3390/systems11020098
https://doi.org/10.1080/00207543.2021.1924412
https://doi.org/10.1080/00207543.2021.1924412
https://doi.org/10.1016/j.ijpe.2024.109314
https://doi.org/10.1016/j.ijpe.2024.109314
https://doi.org/10.1080/00207543.2021.1970845
https://doi.org/10.1080/00207543.2025.2455476
https://doi.org/10.1080/00207543.2025.2455476
https://doi.org/10.1080/00207543.2021.1840148
https://doi.org/10.1080/00207543.2021.1840148


INTERNATIONAL JOURNAL OF PRODUCTION RESEARCH 19

Technology-Specific ProcessMiningMaturityGrid forMan-
ufacturing and Logistics.” International Journal of Produc-
tion Research 63 (12): 4431–4457. https://doi.org/10.1080/
00207543.2025.2451810.

Echefaj, K., A. Cherrafi, A. Charkaoui, T. Gruchmann,
and D. Ivanov. 2024. “Firm Survivability during Long-
Term Disruptions: An Adaptation-Based View.” Supply
Chain Management 29 (6): 978–995. https://doi.org/10.
1108/SCM-04-2024-0293.

Feizabadi, J., D.M. Gligor, and T. Y. Choi. 2023. “Examining the
Resiliency of Intertwined Supply Networks: A Jury-Rigging
Perspective.” International Journal of Production Research
61 (8): 2432–2451. https://doi.org/10.1080/00207543.2021.
1977865.

Ferraro, S., L. Leoni, A. Cantini, and F. De Carlo. 2023. “Trends
and Recommendations for Enhancing Maturity Models
in Supply Chain Management and Logistics.” Applied
Sciences 13 (17): 9724. https://doi.org/10.3390/app13179
724.

Fornasiero, R., L. Kiebler, M. Falsafi, and S. Sardesai. 2024.
“Proposing a Maturity Model for Assessing Artificial Intel-
ligence and big Data in the Process Industry.” International
Journal of Production Research 63:1235–1255. https://doi.
org/10.1080/00207543.2024.2372840.

Garg, H., and D. Rani. 2022. “Novel Distance Measures for
Intuitionistic Fuzzy Sets Based on Various Triangle Centers
of Isosceles Triangular Fuzzy Numbers and their Applica-
tions.” Expert Systems with Applications 191:116228. https://
doi.org/10.1016/j.eswa.2021.116228.

Ghazzawi, A., C. Kuziemsky, and T. O’Sullivan. 2016. “Using a
Complex Adaptive System Lens to Understand Family Care-
giving Experiences Navigating the Stroke Rehabilitation Sys-
tem.” BMCHealth Services Research 16 (1): 538–538. https://
doi.org/10.1186/s12913-016-1795-6.

Goncalves Filho, A. P., J. C. S. Andrade, andM.M. O. Marinho.
2010. “A Safety Culture Maturity Model for Petrochemical
Companies in Brazil.” Safety Science 48 (5): 615–624. https://
doi.org/10.1016/j.ssci.2010.01.01.

Gökalp, E., and V. Martinez. 2022. “Digital Transformation
Maturity Assessment: Development of the Digital Transfor-
mation Capability Maturity Model.” International Journal of
Production Research 60 (20): 6282–6302. https://doi.org/10.
1080/00207543.2021.1991020.

Gong, Y., F. Jia, S. Brown, and L. Koh. 2018. “Supply Chain
Learning of Sustainability in Multi-tier Supply Chains: A
Resource Orchestration Perspective.” International Journal
of Operations & Production Management 38 (4): 1061–1090.
https://doi.org/10.1108/IJOPM-05-2017-0306.

Gregor, S., and O. Zwikael. 2024. “Design Science Research
and the co-creation of Project Management Knowledge.”
International Journal of Project Management 42 (3): 102584.
https://doi.org/10.1016/j.ijproman.2024.102584.

Guerra, J. H. L., F. B. de Souza, S. R. I. Pires, and A.
L. R. de Sá. 2024. “A Maturity Model for Supply Chain
Risk Management.” Supply Chain Management: An Inter-
national Journal 29 (1): 114–136. https://doi.org/10.1108/
SCM-11-2022-0435.

Haldar, A., A. Ray, D. Banerjee, and S. Ghosh. 2012. “A hybrid
MCDM Model for Resilient Supplier Selection.” Interna-
tional Journal of Management Science and Engineering Man-
agement 7 (4): 284–292. https://doi.org/10.1080/17509653.
2012.10671234.

Han, Y., W. K. Chong, and D. Li. 2020. “A Systematic Litera-
ture Review of the Capabilities and Performance Metrics of
Supply Chain Resilience.” International Journal of Produc-
tion Research 58 (15): 4541–4566. https://doi.org/10.1080/
00207543.2020.1785034.

Hashemkhani Zolfani, S., M. Yazdani, and E. K. Zavadskas.
2018. “An Extended Stepwise Weight Assessment Ratio
Analysis (SWARA) Method for Improving Criteria Prioriti-
zation Process.” Soft Computing 22 (22): 7399–7405. https://
doi.org/10.1007/s00500-018-3092-2.

Hassan, N. S., A. A. Jalil, S. Rajendran, N. F. Khusnun, M. B.
Bahari, A. Johari, M. J. Kamaruddin, and M. Ismail. 2024.
“Recent Review and Evaluation of Green Hydrogen Pro-
duction via Water Electrolysis for a Sustainable and Clean
Energy Society.” International Journal of Hydrogen Energy
52:420–441. https://doi.org/10.1016/j.ijhydene.2023.09.
068.

Henriquez, R., A. Muñoz-Villamizar, and J. Santos. 2023. “Key
Factors in Operational Excellence for Industry 4.0: An
Empirical Study and Maturity Model in Emerging Coun-
tries.” Journal of Manufacturing Technology Management 34
(5): 771–792. https://doi.org/10.1108/JMTM-09-2022-0330.

Hevner, A. R., S. T. March, J. Park, and S. Ram. 2004. “Design
Science in Information Systems Research.”MISQuarterly 28
(1): 75–106. https://doi.org/10.2307/25148625.

Huang, K., K. Wang, P. K. C. Lee, and A. C. L. Yeung. 2023.
“The Impact of Industry 4.0 on Supply Chain Capability and
Supply Chain Resilience: ADynamic Resource-based View.”
International Journal of Production Economics 262:108913.
https://doi.org/10.1016/j.ijpe.2023.108913.

Ighravwe, D. E., and D. Mashao. 2023. “Application of a Fuzzy
Multi-criteria Decision Framework for Safety-Critical Mar-
itime Infrastructure Evaluation.” Heliyon 9 (7): e17782.
https://doi.org/10.1016/j.heliyon.2023.e17782.

International Energy Agency. 2025. ETP Clean Energy Technol-
ogy Guide. Accessed July 20, 2025. https://www.iea.org/data-
and-statistics/data-tools/etp-clean-energy-technology-
guide.

Ivanov, D. 2024. “TwoViews of Supply Chain Resilience.” Inter-
national Journal of Production Research 62 (11): 4031–4045.
https://doi.org/10.1080/00207543.2023.2253328.

Kamalahmadi, M., and M. M. Parast. 2016. “A Review of
the Literature on the Principles of Enterprise and Supply
Chain Resilience: Major Findings and Directions for Future
Research.” International Journal of Production Economics
171:116–133. https://doi.org/10.1016/j.ijpe.2015.10.023.

Kazançoglu, Y., Y. Ozturkoglu, S. K. Mangla, M. Ozbiltekin-
Pala, and A. Ishizaka. 2022. “A Proposed Framework
for Multi-tier Supplier Performance in Sustainable Sup-
ply Chains.” International Journal of Production Research
61 (14): 4742–4764. https://doi.org/10.1080/00207543.2022.
2025942.

Koh, S. C. L., A. Gunasekaran, J. Morris, R. Obayi, and S.
M. Ebrahimi. 2017. “Conceptualizing a Circular Frame-
work of Supply Chain Resource Sustainability.” International
Journal of Operations & Production Management 37 (10):
1520–1540. https://doi.org/10.1108/IJOPM-02-2016-0078.

Koh, L., G. Orzes, and F. J. Jia. 2019. “The Fourth Indus-
trial Revolution (Industry 4.0): Technologies Disruption on
Operations and Supply Chain Management.” International
Journal of Operations & Production Management 39 (6/7/8):
817–828. https://doi.org/10.1108/IJOPM-08-2019-788.

https://doi.org/10.1080/00207543.2025.2451810
https://doi.org/10.1080/00207543.2025.2451810
https://doi.org/10.1108/SCM-04-2024-0293
https://doi.org/10.1108/SCM-04-2024-0293
https://doi.org/10.1080/00207543.2021.1977865
https://doi.org/10.1080/00207543.2021.1977865
https://doi.org/10.3390/app13179724
https://doi.org/10.1080/00207543.2024.2372840
https://doi.org/10.1080/00207543.2024.2372840
https://doi.org/10.1016/j.eswa.2021.116228
https://doi.org/10.1016/j.eswa.2021.116228
https://doi.org/10.1186/s12913-016-1795-6
https://doi.org/10.1186/s12913-016-1795-6
https://doi.org/10.1016/j.ssci.2010.01.01
https://doi.org/10.1016/j.ssci.2010.01.01
https://doi.org/10.1080/00207543.2021.1991020
https://doi.org/10.1080/00207543.2021.1991020
https://doi.org/10.1108/IJOPM-05-2017-0306
https://doi.org/10.1016/j.ijproman.2024.102584
https://doi.org/10.1108/SCM-11-2022-0435
https://doi.org/10.1108/SCM-11-2022-0435
https://doi.org/10.1080/17509653.2012.10671234
https://doi.org/10.1080/17509653.2012.10671234
https://doi.org/10.1080/00207543.2020.1785034
https://doi.org/10.1080/00207543.2020.1785034
https://doi.org/10.1007/s00500-018-3092-2
https://doi.org/10.1007/s00500-018-3092-2
https://doi.org/10.1016/j.ijhydene.2023.09.068
https://doi.org/10.1108/JMTM-09-2022-0330
https://doi.org/10.2307/25148625
https://doi.org/10.1016/j.ijpe.2023.108913
https://doi.org/10.1016/j.heliyon.2023.e17782
https://www.iea.org/data-and-statistics/data-tools/etp-clean-energy-technology-guide
https://doi.org/10.1080/00207543.2023.2253328
https://doi.org/10.1016/j.ijpe.2015.10.023
https://doi.org/10.1080/00207543.2022.2025942
https://doi.org/10.1080/00207543.2022.2025942
https://doi.org/10.1108/IJOPM-02-2016-0078
https://doi.org/10.1108/IJOPM-08-2019-788


20 L. KONG ET AL.

Koh, S. C. L., K. Suresh, P. Ralph, andM. Saccone. 2024. “Quan-
tifying Organisational Resilience: An Integrated Resource
EfficiencyView.” International Journal of ProductionResearch
62 (16): 5737–5756. https://doi.org/10.1080/00207543.2023.
2296018.

Kong, L., S. L. Koh, V. Sena, D. Robinson, and M. Wood. 2025.
“Towards a Resilience Evaluation Framework for Hydrogen
Supply Chains: A Systematic Literature Review and Future
Research Agenda.” International Journal of Hydrogen Energy
99:589–606. https://doi.org/10.1016/j.ijhydene.2024.12.164.

Kuzu, A. C. 2023. “Application of Fuzzy DEMATEL Approach
in Maritime Transportation: A Risk Analysis of Anchor
Loss.” Ocean Engineering 273:113786. https://doi.org/10.
1016/j.oceaneng.2023.113786.

Kyriakopoulos, G. L., & Aravossis, K. G. (2023). Litera-
ture Review of Hydrogen Energy Systems and Renewable
Energy Sources. Energies, 16(22), 7493. https://doi.org/10.
3390/en16227493

Li, M., G. Cao, L. Cui, X. Liu, and J. Dai. 2023. “Examining
How Government Subsidies Influence Firms’ Circular Sup-
ply Chain Management: The Role of eco-Innovation and
top Management Team.” International Journal of Production
Economics 261:108893. https://doi.org/10.1016/j.ijpe.2023.
108893.

Liu, X., Liu, J., Deng, C., Lee, J.-Y., & Tan, R. R. (2020). Synthe-
sis of RefineryHydrogenNetwork IntegratedwithHydrogen
Turbines for Power Recovery. Energy, 201, 117623. https://
doi.org/10.1016/j.energy.2020.117623.

Maier, A. M., J. Moultrie, and P. J. Clarkson. 2011. “Assess-
ing Organizational Capabilities: Reviewing and Guiding the
Development ofMaturityGrids.” IEEETransactions on Engi-
neering Management 59 (1): 138–159. https://doi.org/10.
1109/TEM.2010.2077289.

Malmqvist, J., K. Hellberg, G. Möllås, R. Rose, and M. Shevlin.
2019. “Conducting the Pilot Study: A Neglected Part of
the Research Process? Methodological Findings Supporting
the Importance of Piloting in Qualitative Research Studies.”
International Journal of Qualitative Methods, 18. https://doi.
org/10.1177/1609406919878341.

Melnyk, S. A., D. J. Closs, S. E. Griffis, C. W. Zobel,
and J. R. Macdonald. 2014. “Understanding Supply Chain
Resilience.” Supply Chain Management Review 18 (1): 34.

Mendes, P., J. E. Leal, and A. M. T. Thomé. 2016. “A Maturity
Model for Demand-Driven Supply Chains in the Consumer
Product Goods Industry.” International Journal of Produc-
tion Economics 179:153–165. https://doi.org/10.1016/j.ijpe.
2016.06.004.

Mohammed, A., A. B. L. de S. Jabbour, and A. Diabat. 2021.
“COVID-19 Pandemic Disruption: A Matter of Building
Companies’ Internal and External Resilience.” International
Journal of Production Research 61 (8): 2716–2737. https://
doi.org/10.1080/00207543.2021.1970848.

Moktadir, M. A., and J. Ren. 2024. “Global Semiconductor
Supply Chain Resilience Challenges and Mitigation Strate-
gies: A Novel Integrated Decomposed Fuzzy set Delphi,
WINGS and QFD Model.” International Journal of Produc-
tion Economics 273:109280. https://doi.org/10.1016/j.ijpe.
2024.109280.

Nachbagauer, A. 2021. “Managing Complexity in Projects:
Extending the Cynefin Framework.” Project Leadership
and Society 2:100017. https://doi.org/10.1016/j.plas.2021.
100017.

Nair, A., and F. Reed-Tsochas. 2019. “Revisiting the Com-
plex Adaptive Systems Paradigm: Leading Perspectives for
Researching Operations and Supply Chain Management
Issues.” Journal of Operations Management 65 (2): 80–92.
https://doi.org/10.1002/joom.1022.

Ngai, E. W. T., D. C. K. Chau, J. K. L. Poon, and C. K. M. To.
2013. “Energy and Utility Management Maturity Model for
SustainableManufacturing Process.” International Journal of
Production Economics 146 (2): 453–464. https://doi.org/10.
1016/j.ijpe.2012.12.018.

Nikookar, E., D. Gligor, and I. Russo. 2024. “Supply Chain
Resilience: When the Recipe Is More Important than
the Ingredients for Managing Supply Chain Disruptions.”
International Journal of Production Economics 272:109236.
https://doi.org/10.1016/j.ijpe.2024.109236.

Nowell, L. S., J. M. Norris, D. E. White, and N. J. Moules. 2017.
“Thematic Analysis: Striving to Meet the Trustworthiness
Criteria.” International Journal of QualitativeMethods 16 (1):
1609406917733847. https://doi.org/10.1177/1609406917733
847.

Parast, M., and D. Golmohammadi. 2022. “The Impact of
Firm Size and Business Strategy on Response to Ser-
vice Disruptions: Evidence from the U.S. Domestic Airline
Industry.” IEEE Transactions on Engineering Management
69 (5): 1944–1957. https://doi.org/10.1109/TEM.2020.2994
828.

Permana, C. T., C. T. Handoko, and K. Gomonov. 2025.
“Hydrogen’s Potential and Policy Pathways for Indonesia’s
Energy Transition: TheActor-networkAnalysis.”Unconven-
tional Resources 6:100175. https://doi.org/10.1016/j.uncres.
2025.100175.

Rahman, T., S. K. Paul,N. Shukla, R.Agarwal, andF. Taghikhah.
2022. “Supply chain resilience initiatives and strategies:
A systematic review.” Computers & Industrial Engineering
170:108317. https://doi.org/10.1016/j.cie.2022.108317.

Raj, R., J. W. Wang, A. Nayak, M. K. Tiwari, B. Han, C. L. Liu,
and W. J. Zhang. 2015. “Measuring the Resilience of Sup-
ply Chain Systems Using a Survival Model.” IEEE Systems
Journal 9 (2): 377–381. https://doi.org/10.1109/JSYST.2014.
2339552.

Rajabzadeh, H., and M. Wiens. 2024. “Resilient and Sus-
tainable Energy Supply Chains: Insights on Sourcing and
Pricing Strategies in a non-collaborative and Collaborative
Environment.” International Journal of Production Research
62 (24): 9011–9042. https://doi.org/10.1080/00207543.2024.
2331556.

Robinson, D., H. Tilley, J. Price, and A. Lloyd. 2023. Hous-
ing Stock Energy Modelling: Towards a Model for Wales.
Accessed December 30, 2024. https://www.wcpp.org.uk/wp-
content/uploads/2023/01/Housing-stock-energy-modelling-
Towards-a-model-for-Wales.pdf https://www.wcpp.org.uk/
wp-content/uploads/2023/01/Housing-stock-energy-
modelling-Towards-a-model-for-Wales.pdf.

Roque Júnior, L. C., G. F. Frederico, and M. L. N. Costa. 2023.
“Maturity and Resilience in Supply Chains: A Systematic
Review of the Literature.” International Journal of Industrial
Engineering andOperationsManagement 5 (1): 1–25. https://
doi.org/10.1108/IJIEOM-08-2022-0035.

Sarkis, J., E. D. R. Santibanez Gonzalez, and S. C. L. Koh.
2019. “Effective Multi-tier Supply Chain Management for
Sustainability.” International Journal of Production Eco-
nomics 217:1–10. https://doi.org/10.1016/j.ijpe.2019.09.014.

https://doi.org/10.1080/00207543.2023.2296018
https://doi.org/10.1080/00207543.2023.2296018
https://doi.org/10.1016/j.ijhydene.2024.12.164
https://doi.org/10.1016/j.oceaneng.2023.113786
https://doi.org/10.1016/j.oceaneng.2023.113786
https://doi.org/10.3390/en16227493
https://doi.org/10.3390/en16227493
https://doi.org/10.1016/j.ijpe.2023.108893
https://doi.org/10.1016/j.ijpe.2023.108893
https://doi.org/10.1016/j.energy.2020.117623
https://doi.org/10.1016/j.energy.2020.117623
https://doi.org/10.1109/TEM.2010.2077289
https://doi.org/10.1109/TEM.2010.2077289
https://doi.org/10.1177/1609406919878341
https://doi.org/10.1177/1609406919878341
https://doi.org/10.1016/j.ijpe.2016.06.004
https://doi.org/10.1016/j.ijpe.2016.06.004
https://doi.org/10.1080/00207543.2021.1970848
https://doi.org/10.1080/00207543.2021.1970848
https://doi.org/10.1016/j.ijpe.2024.109280
https://doi.org/10.1016/j.ijpe.2024.109280
https://doi.org/10.1016/j.plas.2021.100017
https://doi.org/10.1016/j.plas.2021.100017
https://doi.org/10.1002/joom.1022
https://doi.org/10.1016/j.ijpe.2012.12.018
https://doi.org/10.1016/j.ijpe.2012.12.018
https://doi.org/10.1016/j.ijpe.2024.109236
https://doi.org/10.1177/1609406917733847
https://doi.org/10.1109/TEM.2020.2994828
https://doi.org/10.1016/j.uncres.2025.100175
https://doi.org/10.1016/j.uncres.2025.100175
https://doi.org/10.1016/j.cie.2022.108317
https://doi.org/10.1109/JSYST.2014.2339552
https://doi.org/10.1109/JSYST.2014.2339552
https://doi.org/10.1080/00207543.2024.2331556
https://doi.org/10.1080/00207543.2024.2331556
https://www.wcpp.org.uk/wp-content/uploads/2023/01/Housing-stock-energy-modelling-Towards-a-model-for-Wales.pdf
https://www.wcpp.org.uk/wp-content/uploads/2023/01/Housing-stock-energy-modelling-Towards-a-model-for-Wales.pdf
https://doi.org/10.1108/IJIEOM-08-2022-0035
https://doi.org/10.1108/IJIEOM-08-2022-0035
https://doi.org/10.1016/j.ijpe.2019.09.014


INTERNATIONAL JOURNAL OF PRODUCTION RESEARCH 21

Sebele-Mpofu, F. Y. 2020. “Saturation Controversy in Qualita-
tive Research: Complexities and Underlying Assumptions.”
A literature review. Cogent Social Sciences 6 (1). https://doi.
org/10.1080/23311886.2020.1838706.

Seferlis, P., P. S. Varbanov, A. I. Papadopoulos, H. H. Chin,
and J. J. Klemeš. 2021. “Sustainable Design, Integration,
and Operation for Energy High-performance Process Sys-
tems.” Energy 224:120158. https://doi.org/10.1016/j.energy.
2021.120158.

Sena, V., M. Marra, M. Demirbag, and G. Lubrano Lavadera.
2022. “The Impact of Institutions on Collaborative Innova-
tions and the Role of Equity-based Entry Modes.” British
Journal of Management 33:1395–1411. https://doi.org/10.
1111/1467-8551.12511.

Sgarbossa, F., S. Arena, O. Tang, and M. Peron. 2023. “Renew-
able Hydrogen Supply Chains: A Planning Matrix and
an Agenda for Future Research.” International Journal of
Production Economics 255:108674. https://doi.org/10.1016/j.
ijpe.2022.108674.

Shah, J. K., M. Sharma, A. Gunasekaran, and S. Joshi. 2025.
“Modeling Critical Enablers of Hydrogen Supply Chains
for Decarbonization: Insights from Emerging Economies.”
Sustainable Futures 9:100519. https://doi.org/10.1016/j.sftr.
2025.100519.

Shishodia, A., R. Sharma, R. Rajesh, and Z. H. Munim. 2023.
“Supply Chain Resilience: A Review, Conceptual Framework
and Future Research.” The International Journal of Logis-
tics Management 34 (4): 879–908. https://doi.org/10.1108/
IJLM-03-2021-0169.

Siawsh, N., K. Peszynski, L. Young, and H. Vo-Tran. 2019.
“Exploring the Role of Power on Procurement and Supply
Chain Management Systems in a Humanitarian Organisa-
tion: A Socio-technical Systems View.” International Journal

of Production Research 59 (12): 3591–3616. https://doi.org/
10.1080/00207543.2019.1634293.

Singh, C. S., G. Soni, and G. K. Badhotiya. 2019. “Perfor-
mance Indicators for Supply Chain Resilience: Review and
Conceptual Framework.” Journal of Industrial Engineer-
ing International 15 (S1): 105–117. https://doi.org/10.1007/
s40092-019-00322-2.

SMARTMATURE RESILIENCE (SMR). 2017. Deliverable 3.5:
System dynamics simulation model: City resilience dynamics
tool. TECNUN.AccessedApril 10, 2025. https://smr-project.
eu/fileadmin/user_upload/Documents/Resources/Non-
WP_publications/Deliverable3_5_System_Dynamics_
simulation_model_FinalVersion.pdf.

Stadtfeld, G. M., and T. Gruchmann. 2024. “Dynamic Capabil-
ities for Supply Chain Resilience: AMeta-review.” The Inter-
national Journal of Logistics Management 35 (2): 623–648.
https://doi.org/10.1108/IJLM-09-2022-0373.

Stević, Ž, D. K. Das, R. Tešić, M. Vidas, and D. Vojinović.
2022. “Objective Criticism and Negative Conclusions on
Using the Fuzzy SWARAMethod in Multi-criteria Decision
Making.” Mathematics 10 (4): 635. https://doi.org/10.3390/
math10040635.

Valipour Parkouhi, S., and A. Safaei Ghadikolaei. 2017. “A
Resilience Approach for Supplier Selection: Using Fuzzy
Analytic Network Process and Grey VIKOR Techniques.”
Journal of Cleaner Production 161:431–451. https://doi.org/
10.1016/j.jclepro.2017.04.175.

Wood, M., C. Wood, P. Styring, C. R. Jones, J. K. Smith, M.
Day, R. Chakraborty, and G. Mensah. 2023. “Perceptions of
Accountability and Trust in the Regulatory Governance of
Wood Burning Stove Sustainability: Survey Evidence from
the Post-Brexit UK.” Energy Policy 177:113549. https://doi.
org/10.1016/j.enpol.2023.113549.

https://doi.org/10.1080/23311886.2020.1838706
https://doi.org/10.1080/23311886.2020.1838706
https://doi.org/10.1016/j.energy.2021.120158
https://doi.org/10.1016/j.energy.2021.120158
https://doi.org/10.1111/1467-8551.12511
https://doi.org/10.1111/1467-8551.12511
https://doi.org/10.1016/j.ijpe.2022.108674
https://doi.org/10.1016/j.ijpe.2022.108674
https://doi.org/10.1016/j.sftr.2025.100519
https://doi.org/10.1016/j.sftr.2025.100519
https://doi.org/10.1108/IJLM-03-2021-0169
https://doi.org/10.1108/IJLM-03-2021-0169
https://doi.org/10.1080/00207543.2019.1634293
https://doi.org/10.1080/00207543.2019.1634293
https://doi.org/10.1007/s40092-019-00322-2
https://doi.org/10.1007/s40092-019-00322-2
https://smr-project.eu/fileadmin/user_upload/Documents/Resources/Non-WP_publications/Deliverable3_5_System_Dynamics_simulation_model_FinalVersion.pdf
https://doi.org/10.1108/IJLM-09-2022-0373
https://doi.org/10.3390/math10040635
https://doi.org/10.3390/math10040635
https://doi.org/10.1016/j.jclepro.2017.04.175
https://doi.org/10.1016/j.jclepro.2017.04.175
https://doi.org/10.1016/j.enpol.2023.113549
https://doi.org/10.1016/j.enpol.2023.113549

	1. Introduction
	1.1. Motivation
	1.2. Research aim

	2. Conceptual and theoretical basics
	3. Methodology
	3.1. Conception phase
	3.2. Design phase
	3.3. Validation phase

	4. Results
	4.1. Preliminary MM
	4.1.1. MM indicators and criteria
	4.1.2. Preliminary maturity levels

	4.2. Proposed MM
	4.3. Discussion of MM levels
	4.4. Maturation paths and feedback mechanisms
	4.5. Fuzzy SWARA results

	5. Application of the MM
	5.1. Exploratory case studies
	5.2. Cross-case comparison

	6. Discussion
	6.1. Implications for research
	6.2. Implications for practice

	7. Conclusion
	Acknowledgements
	Disclosure statement
	Funding
	Data availability statement
	References

