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Abstract

As global supply chains face increasing pressure to reconcile economic efficiency, envi-
ronmental responsibility, and ethical transparency, emerging digital technologies offer
unprecedented opportunities for sustainable transformation. This article examines this
dynamic in the context of the Moroccan industrial sector, with particular reference to
blockchain and digital twin technologies. The study employs a rigorous mixed-methods
design, combining an in-depth qualitative exploration with 30 industry professionals and
a Partial Least Squares Structural Equation Modeling (PLS-SEM) model based on survey
data from 125 Moroccan manufacturing firms. The findings highlight the synergistic con-
tribution of blockchain and digital twins in enabling circular, low-carbon, and resilient
supply chains. Blockchain adoption strengthens environmental impact traceability, data
reliability, and responsible governance, while digital twin systems enhance eco-efficiency
through real-time modeling and predictive flow simulation. Circular integration emerges
as a critical enabler, significantly amplifying the positive effects of both technologies by
aligning physical and informational flows within closed-loop processes. With its strong em-
pirical grounding and contextual relevance to an emerging economy, this research provides
actionable insights for policymakers, industrial managers, and supply chain practition-
ers committed to accelerating the sustainable transformation of production systems. It
also offers a renewed understanding of how digitalization and circularity jointly support
environmental performance within industrial ecosystems.

Keywords: blockchain; digital twins; circular supply chain; environmental performance;
Industry 4.0; Supply Chain X.O; sustainable transformation

1. Introduction

Over the past decade, global supply chains have undergone profound restructuring
driven by the combined effects of competitiveness requirements, climate objectives, and
growing societal demands for transparency. Supply chain performance is no longer assessed
solely through the lens of cost, lead time, and quality, but also according to environmental
criteria—reduction in greenhouse gas emissions, energy sobriety, circularity of flows—and
governance dimensions—traceability, responsibility, compliance, and data integrity [1,2].
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This shift is embedded in the rise in the circular economy, which replaces the linear “extract—
produce—discard” logic with loops of reuse, remanufacturing, and recycling, requiring
fine-grained informational orchestration and strengthened coordination among actors [3-6].

The circular economy (CE) is now emerging as a central conceptual framework for
understanding industrial sustainability. It aims to decouple value creation from the con-
sumption of natural resources by promoting material regeneration, product life-extension,
and the reduction in negative externalities [7-9]. However, the operational implementation
of these principles remains complex: it requires advanced capabilities for tracking flows,
measuring environmental impacts, and optimizing value loops, which traditional manage-
ment tools and supply chain systems often struggle to provide at an inter-organizational
scale [4,6,10,11].

At the same time, the rise of Industry 4.0 has opened new perspectives for profoundly
transforming production and logistics systems [12]. Technologies such as blockchain, the
Internet of Things (IoT), artificial intelligence, advanced analytics, and digital twins are
increasingly presented as structuring levers for “smart, resilient, and sustainable” supply
chains [13-17]. By offering real-time visibility, predictive simulation capabilities, and
fine-grained data integration, these technologies enable the emergence of “circular digital
supply chains” [18], in which data flows become as strategic as physical flows for managing
environmental performance [3,19,20].

The joint focus on blockchain and digital twin technologies is not incidental but
reflects their strong functional complementarity in addressing the specific challenges of
circular supply chains. Blockchain provides a trusted and immutable data governance
layer, ensuring traceability, transparency, and integrity of environmental and material flow
data across organizational boundaries. Digital twins, in turn, operate as an analytical
and predictive layer, transforming reliable real-time data into actionable insights through
simulation, optimization, and scenario testing.

Individually, each technology addresses only part of the circularity challenge:
blockchain secures data without enabling operational optimization, while digital twins
rely on high-quality, trustworthy data to deliver meaningful simulations. Their combined
deployment therefore constitutes an integrated digital architecture capable of supporting
closed-loop coordination, environmental monitoring, and low-carbon decision-making.
This complementarity becomes particularly critical in emerging economy contexts, such as
the Moroccan manufacturing sector, where data fragmentation, governance constraints,
and coordination failures limit the effectiveness of isolated digital initiatives.

Within this technological landscape, blockchain occupies a distinctive position. As
a distributed, immutable, and shared ledger, it strengthens the traceability of materials,
transactions, and emissions throughout product life cycles. Numerous studies show that
blockchain can reduce information asymmetries, limit fraud risks, document environmen-
tal footprints, and reinforce compliance with sustainability standards [21-25]. Concrete
applications in agri-food, textiles, and the automotive sector illustrate its potential to
support circular economy practices such as take-back systems, certified recycling, waste
tracking, or responsible sourcing [26-28]. From this perspective, blockchain appears as an
“informational backbone” serving transparency and distributed environmental governance.

In parallel, digital twins—virtual and dynamic replicas of physical systems—offer
capabilities for continuous simulation, optimization, and assessment of operational and
environmental performance. They make it possible to anticipate congestion, test circularity
scenarios, evaluate ex ante energy consumption and emissions associated with various
production or logistics configurations, and reduce waste prior to intervention in the real
world [29-32]. Coupled with IoT sensors and advanced analytics algorithms, digital
twins contribute to energy eco-efficiency, low-carbon scenario planning, and proactive risk
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management in supply chains [33-36]. More recently, several studies have explored their
role in circular production, resource valorization, and sustainable logistics, suggesting that
digital twins constitute a pivot of what some authors describe as “digital circular supply
chain systems” [37-40].

An emerging strand of the literature emphasizes that the convergence between
blockchain and digital twins is not limited to a simple technological coupling but gives rise
to truly socio-technical architectures grounded in distributed data governance, multi-level
simulation, and integrated energy traceability [41-45]. In these configurations, blockchain
ensures the integrity and secure sharing of data generated by the digital twin, while the dig-
ital twin exploits these data to continuously optimize flows of materials, energy, and infor-
mation. This coupling is at the heart of the “twin transition”—digital and environmental—
which is redefining the contours of industrial competitiveness and foreshadowing the
emergence of Supply Chain X.O models in which resilience, connectivity, and sustainability
are co-designed [46-48]. However, the literature remains fragmented in its integrated
understanding of the joint effects of blockchain and digital twins within circularity frame-
works. Many contributions address in isolation the benefits of traceability (blockchain)
or simulation (digital twins), often in specific sectors such as construction, cybercrime,
building, or energy [46,49-51], while few systematically articulate their complementarities
in support of data-driven circular governance oriented toward measurable environmental
performance. Moreover, emerging economies remain underrepresented in this body of
work, even though they face major needs for industrial modernization, energy transition,
and climate alignment [52].

The case of the Moroccan manufacturing sector illustrates these tensions particularly
well. Morocco has committed—through its National Sustainable Development Strategy,
the Green Generation 2030 plan, and its industrial acceleration strategies, driven by the
Ministry of Energy Transition and Sustainable Development and the Ministry of Digital
Transition—to a trajectory of decarbonization, industrial upgrading, and digital trans-
formation. However, firms still face structural challenges: uneven digital infrastructure,
fragmented information systems, high implementation costs of emerging technologies,
shortages in digital skills, and dispersed governance of environmental data [50,53]. In
this context, understanding how—and under which conditions—blockchain and digi-
tal twins can contribute to supply chain circularity and improved environmental per-
formance is of scientific, managerial, and policy relevance. Despite the growing body
of research on blockchain-enabled traceability and digital twin-based simulation, exist-
ing studies predominantly examine these technologies in isolation. While prior work
highlights their individual contributions to transparency, optimization, and sustainabil-
ity, the literature remains fragmented in its understanding of how blockchain and dig-
ital twins jointly interact within circular supply chains. This gap is particularly pro-
nounced in emerging economy contexts, where institutional constraints, data fragmenta-
tion, and coordination failures shape the effectiveness of digital initiatives. As a result,
limited empirical evidence explains how the combined deployment of blockchain and
digital twins translates into measurable environmental performance within circular supply
chain systems.

The overall aim of this research is to address that gap in the literature by analyzing
the synergistic role of blockchain and digital twins in building circular, low-emission, and
resilient supply chains within the Moroccan manufacturing sector. The article is structured
as follows. Section 2 sets out the three phase research process and the methods used.
Section 3 reviews the relevant literature and develops a provisional conceptual framework
for subsequent research phases. Section 4 then reports the empirical results and Section 5
discusses theoretical, managerial, and policy implications. Finally, Section 6 concludes by
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highlighting the study’s contribution, noting limitations, and pointing out possible avenues
for future research.

2. Materials and Methods

The methodological design of this study is based on an explanatory sequential mixed-
methods approach, consistent with the pragmatist paradigm that supports the comple-
mentarity of qualitative and quantitative approaches [54-56]. This choice is particularly
relevant given the complexity of the phenomenon under study—the joint integration of
blockchain, digital twins, and circular capabilities in the environmental performance of
supply chains—which requires both a fine-grained mechanistic understanding and robust
statistical testing.

There were three main phases to the research process (Figure 1), which are discussed
in detail below. In phase 1, an integrative literature review was undertaken, from which
research questions were derived and a provisional conceptual framework for the primary
research was set out. In phase 2, an analysis of interviews with professionals provided
responses to the research questions and insights into concrete implementation modalities,
encountered obstacles, and perceived complementarities between blockchain, digital twins,
and circular practices. This provided the basis for the positing of four hypotheses for
subsequent testing. This was undertaken in phase 3 based on a survey of 125 Moroccan
industry professionals in manufacturing firms and the application of a Partial Least Squares
Structural Equation Modeling (PLS-SEM) model. This mixed-method approach enabled
the articulation of fine-grained contextual understanding and statistical validation of the
hypothesized relationships—direct effects of blockchain on traceability and responsible
governance, effects of digital twins on eco-efficiency and predictive simulation, the integra-
tive role of circularity, and the overall contribution of these capabilities to environmental
performance—in line with recent methodological recommendations in operations and
information systems management [57,58].

Phase 1

Research Aim/
Questions/
Hypotheses

E‘-_---—_-E <._-_-E ‘-_----_--.—-

Aim: To analyze the
synergistic role of
blockchain and digital
twins in building
circular, low-emission,
and resilient supply
chains within the
Moroccan
manufacturing sector.

RQ1. How do blockchain
and digital twin
technologies impact
industrial supply

% | chains?

RQ2. What is the impact
of circular integration on
the deployment of
blockchain and digital
twin technologies in
industrial supply
chains?

H1: Blockchain adoption has a positive and significant effect on
the environmental performance of industrial supply chains.

H2: The use of digital twins positively and significantly improves
envirc tal perfori

H3: Circular integration positively moderates the relationship

b 1 blockchain adoption and envirc tal perfori

such that the effect is stronger when circular integration is high.
H4: Circular integration positively moderates the effect of digital
twin usage on envir | perfor strengthening the
beneficial impact of digital twin technologies when circular
practices are adopted.

Relevant
literature

Integrative
literature
review

Key themes
identified in
provisional
conceptual
framework;
research
questions
formulated

Figure 1. The 3-phase research process.
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2.1. Phase 1. Integrative Literature Review: Development of Provisional Conceptual Framework
and Research Questions

Phase 1 centered on an integrative literature review, which attempted to synthesize
key concepts related to the issues, challenges and influential factors concerning blockchain
and digital twin deployment across the supply chain. An integrative review aims “to
assess, critique, and synthesize the literature on a research topic in a way that enables
new theoretical frameworks and perspectives to emerge” [59] (p. 335). Integrative reviews
are particularly suitable when addressing mature or newly, emerging topics. For mature
topics, the objective is to review and reconceptualize the knowledge base, with a view
to expanding on the theoretical foundation of the specific topic. For newly emerging
topics, as is the case here, the purpose is more to put forward “preliminary conceptu-
alizations” [59] (p. 336) which may involve a more creative collection of data, as the
purpose is to combine perspectives and insights from different fields or research tradi-
tions. An integrative review method should result in the advancement of knowledge
and not be purely descriptive but rather should generate a new conceptual framework
or theory.

The process for identifying sources followed two steps: first, a search of the scientific
peer-reviewed literature; and second, snowball sampling based on references in the ana-
lyzed literature. Comparative studies on various academic databases consistently indicate
that Scopus and Web of Science are the largest bibliographic databases, each containing
more than 80 million entries, with significant content overlap [60,61]. Here, to operational-
ize the integrative review, a structured search strategy was implemented in Scopus, which
served as the primary database for this study.

The literature search strategy was implemented in two stages. In an initial exploratory
stage, a broad set of keywords related to sustainable supply chains and digital technologies
was used in order to capture the diversity of emerging research streams at the intersection
of digitalization and sustainability. It was considered important not to prematurely exclude
relevant contributions and to identify dominant themes, technologies, and theoretical
approaches. The following search string was applied in the title, abstract and keywords
fields: (“sustainable” AND “supply chain”) AND (“blockchain” OR “digital twin” OR
“emerging technologies” OR “digital transformation”) AND (“implement” OR “adop-
tion” OR “deployment” OR “transform”). To find and assess relevant theoretical models
and frameworks, the following search strings were also executed: (“model” or “frame-
work” or “theory”) AND (“blockchain” OR “digital twin” OR “emerging technologies”
OR “digital transformation”) AND (“supply chain” or “circular economy” or “indus-
try”). The searches were restricted to peer-reviewed journal articles and conference papers
written in English and indexed in the fields of business, management, engineering, and
environmental sciences.

In a second, more focused stage, the search strategy was refined to align strictly
with the central objective of the study, namely, to determine the role of blockchain and
digital twin technologies in circular supply chains. Accordingly, the term “circular” was
explicitly incorporated, and overly broad descriptors such as “emerging technologies”
and “digital transformation” were removed to reduce noise and enhance specificity. The
refined search string included combinations such as (“circular supply chain” OR “circular
economy”) AND (“blockchain” OR “digital twin”) AND (“sustainability” OR “environ-
mental performance”).

Only studies directly addressing circularity-related mechanisms, closed-loop pro-
cesses, or environmental performance implications were retained in the final corpus. This
refinement ensured coherence between the literature review, the provisional conceptual
framework, and the empirical objectives of the study, while preserving methodological
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rigor and reproducibility. Duplicates and clearly irrelevant records (for example, studies
dealing exclusively with financial blockchains or non-logistics digital twins) were removed
on the basis of titles and abstracts. The remaining papers were then examined in full text
to assess their relevance to the research focus on blockchain and digital twin applications
in sustainable supply chains. New publications were monitored on an ongoing basis by
activating a Scopus search alert based on the same queries, ensuring that recent contribu-
tions were incorporated into the evolving knowledge base used to construct the provisional
conceptual framework.

From an assessment of the literature, a provisional conceptual framework was devel-
oped. Jabareen [62] defines the conceptual framework as “a network [. ..] of interlinked
concepts that together provide comprehensive understanding of a phenomenon or phe-
nomena” (p. 51). It represents the researcher’s map of the respective area of interest being
investigated [63], providing an initial understanding and the possible formulation or re-
formulation of research questions. A PCF is thus meta-analytical in nature—it breaks up
data from the literature review into manageable domains, to represent the area of interest,
highlighting research gaps for further investigation [64].

Consistent with an explanatory sequential mixed-methods design, the literature review
first served to establish a provisional conceptual framework and the development of
research questions (phase 1). The qualitative interviews (phase 2) were then conducted to
explore underlying mechanisms, contextual constraints, and complementarities between
digital technologies and circular practices. Insights from this qualitative analysis were used
to refine and operationalize the hypotheses, which were formally tested in the quantitative
phase (phase 3).

2.2. Qualitative Interviews and Hypotheses Formulation

The qualitative phase provided an in-depth exploration of digital and circular prac-
tices in the Moroccan manufacturing industry. Thirty semi-structured interviews were
conducted with supply chain managers, production engineers, and CSR directors, follow-
ing the methodological standards applicable to this type of data collection [65,66]. Informed
consent was attained from the participants prior to conducting the interviews. The inter-
views, averaging 75 min in length, were transcribed and then analyzed using a rigorous
thematic analysis approach [67], employing hybrid coding (inductive and deductive) in ac-
cordance with the principles developed by Miles [68] and ensuring satisfactory inter-coder
reliability (k = 0.82), in line with best practices in qualitative validation [69]. The qualitative
data analysis followed a rigorous and transparent coding process. Two researchers were
independently involved in the coding of the interview transcripts. An initial coding frame-
work was developed based on the PCF and prior literature (deductive coding) and was
subsequently refined through inductive coding to capture emergent themes grounded in
the interview data.

The researchers first coded a subset of transcripts independently to refine the codebook
and ensure conceptual clarity. Inter-coder reliability was then assessed using Cohen’s kappa
on this subset, yielding a value of k = 0.82, which indicates a high level of agreement. Any
discrepancies in coding were discussed and resolved through consensus, leading to the
final version of the coding scheme. The remaining transcripts were then coded using this
stabilized codebook, ensuring consistency and analytical robustness.

This allowed for the positing of the research hypotheses (or constructs), the identifi-
cation of organizational configurations of digital maturation, and the verification of the
alignment between the emerging categories and the initial theoretical framework, thus
contributing to strengthening content validity [70] and qualitative-quantitative integration
as developed by Fetters et al. [71].
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The interview guide was directly derived from the overarching research questions and
from the PCF developed in Phase 1. It consisted of 18 open-ended questions, structured
into four thematic dimensions:

1.  Digitalization practices and technological deployment, including the use of blockchain,
digital twins, data integration and real-time visibility;

2. Perceived operational and environmental impacts of emerging technologies, such as
improvements in transparency, traceability, resource efficiency and sustainability;

3.  Circular economy integration, covering reverse logistics, recycling loops, eco-design
initiatives and collaborative practices with suppliers and customers;

4. Organizational capabilities and governance, including digital maturity, skills, re-
sources, leadership orientations and investment priorities.

The interview guide was pre-tested with two senior supply chain practitioners, which
allowed refinements in wording clarity, thematic sequencing and avoidance of overlapping
questions. This process ensured strong alignment with the conceptual dimensions emerging
from both the literature review and the PCE.

During the interviews, the 30 professionals (supply chain managers, production
engineers and CSR directors) were systematically encouraged to provide concrete examples
grounded in their operational and strategic activities. This enabled the research team to
capture the specificities of Morocco’s industrial manufacturing landscape—particularly
in sectors such as automotive, textiles, agro-food, chemicals, electronics and building
materials—thus ensuring contextual richness and improving the interpretative robustness
of the qualitative phase. The full list of interview questions used during this stage is
provided in Appendix A.

2.3. Quantitative Survey and Hypotheses Testing

Phase 3 of the mixed-methods design aimed to empirically examine the identified
structural relationships through a quantitative survey employing a partial least squares
structural equation model (PLS-SEM), a method well-suited to complex models and mod-
erately sized samples [72]. A second questionnaire, based on qualitative insights and
international literature, was administered to 125 professionals in the manufacturing sector.
The adequacy of the qualitative and quantitative samples was ensured through a purposive
and context-sensitive sampling strategy. The qualitative phase involved 30 interviews with
professionals directly responsible for supply chain operations, digital transformation, and
sustainability initiatives. This sample size was deemed sufficient as thematic saturation was
reached. The quantitative survey (N = 125) covered the main manufacturing sectors that
constitute the backbone of Moroccan industrial activity, including automotive, agro-food,
textiles, chemicals, electronics, and building materials. Together, these sectors represent a
substantial share of national manufacturing output and reflect heterogeneous levels of digi-
tal maturity, regulatory exposure, and circular practices. This sectoral coverage supports
analytical generalization within the Moroccan manufacturing context rather than statistical
generalization beyond it.

In line with ethical principles of social science research, all data were collected anony-
mously, without any personal identifiers, and with the informed consent of the participants.
Respondents were informed of the complete confidentiality of the information provided
and the exclusively scientific use of the data. The four selected constructs—Blockchain
Adoption, Digital Twin Utilization, Circular Integration, and Environmental Performance
(see Section 4.1)—were operationalized using reflective scales measured on a 7-point Likert
scale and validated in previous work on the digitalization and sustainability of the sup-
ply chain. The quantitative approach follows the methodological standards of structural
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modeling [73-75], including tests of convergent validity, discriminant validity, collinearity,
quality of measures, and significance of structural paths using bootstrapping.

In accordance with the recommendations of Bentler [76], the data quality control
procedures include common method bias control (Harman, VIF), filtering of inconsistent
observations, and rigorous handling of missing values. To limit common method bias,
several mechanisms recommended by Podsakoff et al. [77] were applied: random ordering
of items, conceptual separation of blocks measuring independent and dependent vari-
ables, complete anonymization, and limitation of inverted formulations. Methodological
bias was statistically verified using Harman analysis (general factor < 50%) and the Full
Collinearity Factor (VIF) (<3.3), confirming the absence of common variance that could
artificially influence structural relationships. A Principal Component Analysis (PCA)
was then performed to purify the measurement scales and assess the preliminary ex-
ploratory factor structure, in accordance with the recommendations of Bollen [74] and
Hair et al. [72]. The applicability conditions were systematically confirmed (KMO > 0.70;
significant Bartlett’s test; Varimax rotation), allowing for the elimination of items with low
contribution and ensuring the internal consistency of the constructs before the confirmatory
PLS phase.

The integration of findings from phases 2 and 3 adheres to the principles of method-
ological triangulation [78] and ensures a coherent sequence between qualitative exploration
and quantitative confirmation, in accordance with international mixed-methods design
standards [79-81]. The combination of thematic analyses and PLS-SEM strengthens the
robustness of the framework, the internal validity of the model, and the relevance of the
interpretations derived from an emerging context such as that of Moroccan supply chains
undergoing digital and circular transitions. The use of PLS-SEM proves particularly rele-
vant given the characteristics of the model and the sample. This approach is suitable for:
(i) emerging theoretical frameworks, (ii) complex models incorporating multiple simul-
taneous relationships, (iii) moderately sized samples (N = 125), and (iv) data not strictly
conforming to multivariate normality. PLS-SEM optimizes the explained variance (R?) of
endogenous variables, consistent with the study’s central predictive objective [57,82,83].

The SEM allows for the simultaneous analysis of causal relationships between latent
constructs and the links between observed and latent variables. It combines a measurement
model, describing how theoretical constructs are operationalized through their indicators,
and a structural model formalizing the causal relationships between endogenous and
exogenous latent variables.

All latent constructs in this study were operationalized using reflective measurement
scales, consistent with prior research on digital technologies, circular supply chains, and
environmental performance. Measurement items were adapted from established scales in
the literature and refined to fit the context of Moroccan manufacturing firms. All items
were measured using a seven-point Likert scale ranging from 1 (“strongly disagree”) to
7 (“strongly agree”). Prior to the main survey, the questionnaire was pre-tested with a small
group of industry professionals to ensure clarity, relevance, and contextual appropriateness
of the items, leading to minor wording adjustments.

In line with PLS-SEM methodological standards, the evaluation of the measurement
model was conducted prior to assessing the structural relationships. Indicator reliability
was evaluated through standardized factor loadings, all of which exceeded the recom-
mended threshold of 0.70. Internal consistency reliability was assessed using Cronbach’s
alpha and composite reliability, both surpassing the 0.70 benchmark. Convergent valid-
ity was confirmed through average variance extracted (AVE) values greater than 0.50.
Discriminant validity was examined using the Fornell-Larcker criterion and the heterotrait—
monotrait (HTMT) ratio. Together, these results confirm that the measurement model
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satisfies the required psychometric properties, allowing a reliable interpretation of the sub-
sequent structural model estimations. Further details on the measurement and structural
models are included for reference in Appendix B.

3. Literature Review and Provisional Conceptual Framework
3.1. Sustainable and Circular Supply Chains

The transition toward sustainable and circular supply chains has emerged as one
of the structuring pillars of global competitiveness, driven by stricter environmental re-
quirements, increasing pressure for transparency, and the need to reduce dependence on
virgin resources [84,85]. Traditional linear models have now shown their limits in the
face of environmental degradation and geopolitical volatility, pushing firms to profoundly
reconfigure their logistics systems [86,87]. This shift is reinforced by the rise in international
standards requiring reductions in carbon impacts, circularity of flows, and disclosure of
environmental data [88,89]. In this context, the circular economy constitutes a structuring
framework for rethinking the design, use, and renewal of resources. It relies on value
loops enabling reduction, reuse, repair, remanufacturing, and recycling, while minimiz-
ing losses and negative externalities [90,91]. Recent literature highlights that building
circular supply chains (CSC) requires not only operational innovations but also a reconfig-
uration of governance models and interactions among actors [92,93]; circularity requires
enhanced informational coordination to synchronize physical flows and environmental
data flows.

The benefits of circular economy practices on supply chain performance are now well
documented. Recent studies show that circularity simultaneously improves resilience,
flexibility, and environmental performance by diversifying sourcing options, extending
product life cycles, and reducing dependence on critical raw materials [94-96]. Other
studies confirm that CSCs enable significant reductions in emissions, energy costs, and
disruption risks through closed-loop mechanisms and circular design [97-99]. This con-
solidation of academic evidence demonstrates that the circular economy is not merely an
ecological strategy but indeed a major economic lever [100,101].

However, the transition toward CSCs involves significant challenges. Kazancoglu
et al. [95] show that circular chains face coordination risks, regulatory uncertainties, and
tensions among actors, particularly in transitioning markets. Similarly, the studies of
Castro-Lopez et al. [102] emphasize that organizational complexity plays a central role
in the success or failure of circular practices. Mirzaei and Shokouhyar [93] add that the
effective adoption of circular practices strongly depends on the availability of reliable data,
inter-organizational transparency, and shared information mechanisms. In complex sectors
such as energy, circular integration requires logistical and informational architectures
capable of absorbing multidirectional flows [103].

A transversal challenge lies in the integration of information systems that enable
tracking product life cycles, identifying recovery points, and assessing environmental
impacts. The concept of the Digital Product Passport (DPP) thus emerges as a central lever
for circularity. Zhang and Seuring [104] show that DPPs constitute a crucial tool for tracing
materials, documenting impacts, and supporting circularity strategies based on data-driven
decision-making. The integration of DPPs is also considered a central component of future
European sustainability regulations [105].

Industry 4.0 technologies also play an essential role in making CSCs operational.
IoT improves real-time visibility of life cycles, digital platforms facilitate coordination
of reverse flows, and advanced analytics tools help optimize circular flows [106,107].
The integration of digital technologies increases the circular maturity of supply chains,
enhances information quality, and strengthens inter-organizational collaboration [108].
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Thus, circular supply chains cannot be understood solely as closed logistical structures; they
must be analyzed as complex socio-technical systems integrating informational dimensions,
organizational capabilities, institutional mechanisms, and cross-sector collaborations [109].
This systemic vision opens the way for the integration of emerging technologies, particularly
blockchain and digital twins.

In summary, the literature clearly demonstrates that circular supply chains enhance
environmental performance, resilience, and resource efficiency. However, it also reveals
that circular integration critically depends on advanced informational coordination and
governance mechanisms, which remain insufficiently operationalized in existing supply
chain models.

3.2. Emerging Technologies and the Digital Transformation of the Supply Chain

The emergence of next-generation digital technologies marks a fundamental break
in the way supply chains are designed, managed, and governed. Rather than functioning
as simple optimization tools, these technologies redefine the informational and decision-
making architectures of supply chains by introducing processing, connectivity, and au-
tomation capabilities that were previously impossible [110]. The integration of solutions
such as blockchain, the Internet of Things, artificial intelligence, advanced analytics, and
digital twins is transforming supply chains into interconnected cyber-physical systems
capable of ensuring continuous and intelligent orchestration of flows [111,112]. According
to Lerman et al. [113], digital transformation in emerging markets is no longer solely a
lever for operational efficiency; it plays a decisive role in improving the economic, social,
and environmental performance of supply chains. The authors demonstrate that digi-
tal technologies help mitigate information asymmetries, strengthen inter-organizational
coordination, and enhance the inclusiveness of logistics networks, particularly in fragile
institutional contexts.

In the same perspective, Akbari et al. [111] show that investment levels in Industry
4.0 technologies—Al, blockchain, and cyber-physical systems—now condition the struc-
tural evolution of supply chains in Vietnam. According to their analyses, the impact of
these technologies depends heavily on digital governance, technological maturity, and
the capacity of organizations to integrate data into decision-making processes. Preindl
et al. [114] corroborate these results by emphasizing that digital transformation requires
deep integration of information systems to overcome persistent barriers related to informa-
tion sharing, strategic alignment, and process harmonization. They show that the absence
of digital coordination mechanisms constitutes a major obstacle to end-to-end supply chain
integration. Overall, prior studies confirm that digital transformation reshapes supply
chain governance and coordination, particularly in emerging economies. Nevertheless, the
literature remains fragmented regarding how specific digital technologies contribute to
circular supply chain objectives beyond general efficiency gains.

3.2.1. Blockchain: Transparency and Sustainable Governance Potential

Blockchain is identified as one of the most promising technologies for securing, authen-
ticating, and tracing information and material flows in supply chains. Recent systematic
reviews confirm its central role in sustainable governance, transparency, and the improve-
ment of ESG mechanisms [115,116]. It enables the implementation of distributed ledgers
that guarantee data integrity, reduce fraud risks, and facilitate compliance with environ-
mental standards.

Bernards et al. [117] show that blockchain reshapes transparency mechanisms in global
supply chains by creating an ecosystem in which ESG information becomes verifiable,
traceable, and auditable in real time. According to Schulz et al. [118], this technology is
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also becoming a strategic tool for driving sustainable development initiatives, owing to
its ability to certify environmental commitments and enhance corporate accountability.
In emerging contexts, blockchain strengthens trust within logistics networks, particularly
when institutions are weak or fragmented [119]. More recent studies even demonstrate
that it substantially improves traceability and the optimization of environmental processes
in industrial sectors such as agri-food, fashion, and energy [120,121]. Taken together, the
literature establishes blockchain as a powerful enabler of transparency, traceability, and
sustainable governance. Yet, most studies examine blockchain in isolation, offering limited
insight into how it interacts with complementary digital technologies to support circular
supply chain coordination and environmental performance.

3.2.2. Digital Twins: Intelligent Simulation, Optimization, and Eco-Efficiency

Digital twins represent a decisive advancement for the digital transformation of the
supply chain. They make it possible to model, simulate, and continuously optimize
industrial processes through virtual representations powered by IoT data and advanced
algorithms [30]. Their added value lies in their capacity to anticipate disruptions, optimize
resource planning, reduce energy inefficiencies, and improve predictive maintenance [122].

The work of Zhang and Seuring [104] shows that digital twins significantly strengthen
eco-efficiency by enabling the testing of circularity, remanufacturing, or disassembly strate-
gies before their real-world implementation. Petrov [123] emphasizes that digital twins
constitute an essential tool for measuring and optimizing eco-efficiency indicators through
continuous feedback loops between the physical object and its digital counterpart. In the
field of smart manufacturing, Annepanavar and Gopalakrishnan [124] demonstrate that
digital twins allow the integration of real-time life-cycle assessment (LCA) models, improv-
ing the environmental evaluation of systems. Tu et al. [125] also demonstrate that digital
twins facilitate energy optimization in intelligent transport infrastructures by reducing
emissions and improving overall performance. The convergence between digital twins and
algorithmic optimization is becoming a major strategic trend for accelerating the ecological
transition of industrial systems [126,127].

The literature increasingly supports the idea that the real impact of these technologies
materializes when they are integrated into a common ecosystem. Blockchain guarantees
the integrity, transparency, and traceability of data [128], while digital twins exploit these
data to simulate, optimize, and manage operations [129].

This convergence supports the creation of autonomous circular supply chains capable
of continuous learning, simulating sustainability scenarios, and improving their environ-
mental performance [46,95]. This synergy constitutes one of the most powerful levers for
achieving sustainable growth, particularly in emerging economies where digital transfor-
mation can accelerate the transition toward more resilient, intelligent, and environmentally
responsible supply chains. In summary, digital twins are widely recognized for their ca-
pacity to enhance simulation, optimization, and eco-efficiency. However, the literature
provides limited empirical evidence on how their effectiveness depends on trusted, inter-
operable data infrastructures, particularly within circular and inter-organizational supply
chain settings.

3.3. Provisional Conceptual Framework and Research Questions

In developing the PCF, the assumption was made that emerging technologies create
value only when they are understood as strategic resources, mobilized through dynamic
organizational capabilities, and integrated into operational digital processes. From the
Resource-Based View (RBV) perspective, advanced technologies constitute resources with
VRIN potential (Valuable, Rare, Inimitable, Non-substitutable) when they enable the firm to
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develop enhanced transparency, reliable traceability, and strengthened inter-organizational
coordination; a firm'’s sustainable performance depends on its ability to mobilize rare, hard-
to-imitate, and value-generating resources [130-132]. Within this framework, blockchain
infrastructures, data architectures, and digital simulation platforms (digital twins) can
be conceptualized as strategic digital resources that fuel competitive advantages related
to traceability, data integrity, forecasting accuracy, and inter-organizational transparency.
Similarly, studies on data-driven supply chains demonstrate that data-based capabilities
improve performance through information quality, operational visibility, and responsive-
ness [133]. Thus, the RBV makes it possible to view blockchain, digital twins, and circularity
not as technical artifacts but as differentiating organizational assets essential for developing
responsible supply chains (Figure 2).

Resource

KEY CONCEPTS ) <
Based View RELATED THEORY
Digital
Supply Chain TOE-S
Capabilities Blockchain
Adoption
Multi-level Dynamic
Perspective Capabilities
Environmental
Performance
Circular .. .
. Digital Twin
Integration L
Utilization
Organizationa Resource

Paradox
Theory

Orchestration
Theory

Figure 2. Provisional conceptual framework.

While the RBV explains the strategic value of resources, it remains insufficient for
understanding how these resources are mobilized in unstable or highly digitalized environ-
ments [134]. Dynamic capabilities complement this approach by describing the processes
through which firms sense external signals, seize opportunities, and reconfigure their
resources to sustain performance [135,136]. In this sense, the adoption of blockchain can be
seen as a sensing and seizing mechanism, enabling rapid risk identification, transparent
governance, and strengthened collaborative management [118,137]. Manzoor et al. [138]
show that the combination of agility, learning capability, and adaptive routines is decisive
for converting emerging technologies into operational performance. Digital twins, for their
part, create powerful dynamic capabilities by enabling simulation, early anomaly detection,
flow optimization, and continuous learning from real-time data [123,139]. They facilitate
continuous process renewal, which is essential for low-carbon and circular transitions.
These dynamic mechanisms are also highlighted by Pal et al. [140] and Mohsin et al. [141],
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who show that firms capable of transforming digital signals into corrective actions develop
superior resilience and improved performance.

In accordance with the RBV, which considers blockchain and digital twins as strategic
resources, and with dynamic capability theory, which analyzes the mechanisms through
which these resources are transformed, Digital Supply Chain Capabilities (DSCC) constitute
the conceptual link explaining how organizations effectively convert these technologies
into operational advantage. DSCC refer to a set of digital abilities that facilitate the mastery
of complex logistics networks through connectivity, integration, and intelligent exploita-
tion of distributed data [142]. They manifest notably through enhanced digital visibility,
inter-functional data integration, predictive capacity fueled by advanced analytics, decision-
making agility, and strengthened collaboration through shared digital platforms. These
dimensions have been empirically associated with supply chain innovation [143], environ-
mental sustainability [144], and resilience to disruptions [145], confirming that DSCC play
a structuring role in overall performance.

Other studies show that these capabilities also improve financial performance by
optimizing informational coordination in collaborative chains [146], while absorptive ca-
pacity, agility, and resilience—identified as essential components of DSCC—amplify the
effectiveness of digital technologies [147]. In this regard, blockchain acts as a catalyst
for transparency, integrity, and security of information flows, while digital twins provide
advanced simulation, control, and prediction capabilities, strengthening the organization’s
ability to adapt and optimize its processes. Recent literature confirms that these tech-
nologies generate strategic impact only when they are integrated within digital routines
that ensure connectivity, visibility, and organizational agility [148]. This observation is
particularly crucial in circular supply chains, where DSCC make it possible to synchronize
physical and informational flows, orchestrate recovery and recycling loops, and optimize
energy-related and logistical decisions—mechanisms that are all necessary for operational
circularity [92,95]. Thus, DSCC constitute the mechanism through which the digital re-
sources identified by the RBV and transformed through dynamic capabilities translate into
sustainable performance, offering a coherent analytical framework for understanding how
blockchain and digital twins contribute to building low-carbon, transparent, and resilient
supply chains.

Research on sustainable supply chains is based on the idea that the creation of compet-
itive advantage does not stem only from tangible resources but rather from the organiza-
tion’s ability to mobilize, combine, and renew its resources in a dynamic environment [149].
From this perspective, Resource Orchestration Theory (ROT) argues that the mere pos-
session of strategic assets is insufficient: their structuring, bundling, and operational
deployment determine their real impact on performance [150]. In the context of SMEs,
digital transformation, when orchestrated with innovation capabilities, improves ESG per-
formance in a broad sense. In addition, the Technology—Organization-Environment (TOE)
theory provides a relevant framework for analyzing technological adoption in logistics
chains: it considers that the success of a technological project results from the conjunction of
technological factors (compatibility, complexity), organizational factors (human resources,
leadership), and environmental factors (regulatory pressure, competition) [151]. In circular
supply chains, this approach has been supplemented by sustainability-specific variables
(TOE-S) to better capture the determinants of green digital technology adoption [152]. More-
over, socio-technical transition theories, particularly the Multi-Level Perspective (MLP),
offer a macroscopic understanding of the evolution of supply chains toward circular and
low-carbon models. The MLP conceptualizes transformations as resulting from interac-
tions among innovation niches (e.g., blockchain, digital twins), existing regimes (linear
logistics structures), and the broader societal landscape (climate objectives, international
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regulations) [153]. This framework makes it possible to understand that technological inte-
gration does not occur in isolation but in a systemic environment where the sustainability
agenda, institutional engagement, and sectoral diffusion are essential. Lastly, organizational
paradox theory reminds us that firms pursuing economic performance, environmental
sustainability, and ethical transparency simultaneously face persistent tensions [154,155].
In the context of digital and circular supply chains, tensions between transparency (via
blockchain) and competitive confidentiality, or between energy optimization (via digital
twins) and the cost of digital infrastructure, must be actively managed. These tensions call
for a “both—and” rather than an “either—or” approach.

The frameworks and theoretical perspectives noted above were used as analytical
lenses guiding both the formulation of the research questions and the design of the quali-
tative inquiry. From an RBV perspective, blockchain and digital twin technologies were
conceptualized as strategic digital resources whose value depends on their rarity, inimitabil-
ity, and integration into organizational routines. Dynamic capability theory informed
the analysis of how firms sense sustainability-related challenges, seize digital oppor-
tunities, and reconfigure supply chain processes through simulation, traceability, and
coordination mechanisms.

The TOE framework highlights the significance of technological readiness, organiza-
tional capabilities, and environmental pressures shaping adoption trajectories, particularly
in an emerging economy context. Finally, circular economy principles provided the lens to
examine closed-loop coordination, reverse logistics, and inter-organizational collaboration
as mechanisms through which digital resources translate into environmental performance.
These theoretical foundations directly informed the structure of the interview guide, which
was organized around digital resources, dynamic operational mechanisms, organizational
and environmental constraints, and circular integration practices. Grounded in this theo-
retical articulation, the research questions were formulated to empirically investigate how
digital resources (blockchain and digital twins), operationalized through organizational
and circular capabilities, contribute to environmental performance in manufacturing supply
chains operating under emerging economy constraints.

Building on these theoretical foundations (the RBV, dynamic capability theory, the
TOE framework, the Multi-Level Perspective, paradox theory, and DSCC), the PCF was
developed, integrating technological, organizational, and environmental dimensions. The
literature demonstrates that blockchain, digital twins, and circular integration play comple-
mentary roles in the sustainable transformation of supply chains, notably by influencing
transparency, eco-efficiency, and closed-loop coordination. Digital technologies are under-
stood as hard-to-imitate strategic resources [130,131], whose value materializes only when
they are orchestrated as process-oriented capabilities aligned with circularity and sustain-
ability objectives [5,136,156]. Within this framework, circular integration is conceptualized
as an integrative capability—both organizational and inter-organizational—amplifying
the impact of technological resources on environmental performance. To further advance
development of the PCF, interviews were designed to address the following main research
questions (RQs):

RQ1. How do blockchain and digital twin technologies impact industrial supply chains?

RQ2. What is the impact of circular integration on the deployment of blockchain and
digital twin technologies in industrial supply chains?

4. Results
4.1. Interview Analysis and Hypotheses Development

Building on the provisional conceptual framework derived from the literature, the
qualitative interview findings provided empirical insights into how blockchain, digital
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twins, and circular integration interact in practice. These insights informed the refinement
and formulation of the research hypotheses, which were then subjected to quantitative
testing using PLS-SEM.

The exploratory qualitative phase allowed for the empirical grounding of the PCF by
comparing dimensions derived from the literature with practices observed in Moroccan
manufacturing supply chains, and the development of related hypotheses. The thirty
semi-structured interviews conducted with supply chain managers, production engineers,
CSR managers, and quality managers were analyzed using a thematic approach based on
Braun and Clarke [67], combining an inductive reading of the verbatim transcripts with a
coding framework derived from the concepts of blockchain, digital twins, circularity, and
environmental performance.

Four main themes emerged from this analysis that provided the basis for hypotheses
development related to the two research questions (Table 1). The first focuses on the trace-
ability and transparency of flows, where several participants emphasized that blockchain
is primarily perceived as a tool for securing information, improving the reliability of indica-
tors, and strengthening environmental compliance. This qualitative data supported the
definition of a Blockchain Adoption (BCA) construct.

Table 1. Research questions and the four related hypotheses (constructs).

Research Questions Hypotheses (Construct)
RQ1. How do blockchain and digital twin H1. Blockchain adoption has a positive and significant effect on the
technologies impact industrial supply chains (using  environmental performance of industrial supply chains (BCA).
Morocco’s industrial manufacturing sector as a H2. The use of digital twins positively and significantly improves

case study)?

environmental performance (DTU).

H3. Circular integration positively moderates the relationship
between blockchain adoption and environmental performance, such

RQ2. What is the impact of circular integration on the  that the effect is stronger when circular integration is high (CIN).
deployment of blockchain and digital twin H4. Circular integration positively moderates the effect of digital
technologies in industrial supply chains? twin usage on environmental performance, strengthening the

beneficial impact of digital twin technologies when circular
practices are adopted (ENP).

A second thematic axis concerns numerical simulation and prediction, central to the
use of digital twins. Engineers and operational managers stressed the value of testing
different scenarios, anticipating disruptions, and reducing resource waste facilitated by
digital twins. These elements corroborate the structure of a Digital Twin Utilization (DTU)
construct and explain the factorial consistency observed subsequently (high loads and
robust unidimensionality).

In addition to these first two thematic dimensions, the analysis also revealed the impor-
tance of circularity as an organizational and relational capability within manufacturing sup-
ply chains. Interviewees highlighted concrete practices such as reverse logistics, recycling
loops, supplier take-back programs, and the gradual introduction of eco-design principles.
Several participants emphasized that circular initiatives are increasingly encouraged—if
not required—by international clients, especially in the automotive and agro-food sectors.
These insights supported the consolidation of the Circular Integration (CIN) construct, par-
ticularly its inter-organizational component. Respondents also described the role of digital
technologies in enabling circularity, especially through enhanced visibility of material flows
and the tracking of recycling or reuse processes.

A fourth recurring theme concerned the measurement and monitoring of environ-
mental performance. Managers pointed to significant internal and external pressures to
document CO, emissions, energy consumption, waste volumes, and compliance with
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Blockchain Adoption

Digital Twin Utilization

Circular Integration
(moderator)

ISO 14001 environmental standards. Many firms have begun to formalize environmental
dashboards and performance indicators, often driven by multinational parent companies or
export requirements. These qualitative insights confirmed that environmental performance
is not treated as an abstract concept but as a measurable outcome embedded in operational
routines. This directly informed the Environmental Performance (ENP) construct and
justified the subsequent retention of items related to emissions reduction, energy efficiency,
waste management, and environmental reporting.

Taken together, these qualitative findings reinforced the conceptual coherence of the
four latent constructs—BCA, DTU, CIN and ENP (Table 1 and Figure 3)—and provided
empirical justification for their operationalization in the quantitative phase. Moreover,
the interviews revealed that blockchain and digital twins are viewed not as isolated tech-
nologies but as components of broader digital transformation trajectories, whose effects
materialize only when combined with organizational capabilities such as circular integra-
tion and structured environmental monitoring. This triangulation between lived industrial
practices, the provisional conceptual framework, and the emerging theoretical dimensions
strengthened the foundation for the formulation of the research hypotheses explored in the
subsequent SEM analysis.

HI (+)

Figure 3. Research Hypotheses.

4.2. Quantitative Survey Analysis and Hypotheses Testing

This phase of the study looked to assess the four constructs noted in Table 1 in
the context of the Moroccan manufacturing sector. The sample (N = 125) covers the
main Moroccan manufacturing sectors engaged in digital and circular transition Table 2).
The high proportion of ISO 14001 and ISO 9001 [157,158] certified firms strengthens the
relevance of the study, as these organizations have infrastructures and indicators that
facilitate the adoption of blockchain, digital twins, and circular practices. The diversity of
profiles (SCM, CSR, production, quality) contributes to informational richness and limits
biases associated with a one-dimensional view of the supply chain.
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Table 2. Sample Description.
Characteristic Category Frequency %

Industrial sector Automotive 35 26.9%
Textile 27 20.8%
Agri-food 22 16.9%
Chemicals/Plastics 20 15.4%
Electronics 13 10%
Materials/Construction 8 6.2%

Function Supply Chain Managers 51 39.2%
CSR Managers 24 18.5%
Production Engineers 28 21.5%
Quality Managers 15 11.5%
Others 7 5.4%

Firm size >250 employees 9 6.9%
50-249 39 30%
<50 77 59.2%

Certification ISO 14001 80 64%
ISO 9001 97 78%
CSR approach 65 52%

Value

15

10

Figure 4 displays the distribution and variability of the main variables included in the
quantitative analysis: Blockchain Adoption (BCA), Digital Twin Utilization (DTU), Circular
Integration (CIN), Environmental Performance (ENP), firm size, and digital maturity. The
boxplots illustrate median values, interquartile ranges, and outliers, offering an overview
of data dispersion and supporting the assessment of distributional assumptions before
conducting PLS-SEM analyses.

Figure 4. Boxplot distribution of key study variables.

The descriptive statistics (Table 3) show relatively high levels of technological adoption
and circular engagement in the studied sample. The means above 5 for BCA, DTU, and
CIN indicate that the surveyed firms already display moderate to high digital maturity,
consistent with the targeted industrial sectors (automotive, electronics, agri-food). The low
dispersion (SD < 1.1) suggests structural homogeneity among firms, which is favorable for
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PLS modeling. ENP also shows a high mean (5.57), which suggests a potentially significant
relationship between emerging technologies and environmental performance.

Table 3. Sample profile and descriptive statistics.

Variable Mean SD Min Max
Blockchain Adoption (BCA) 5.41 0.92 3.20 6.80
Digital Twin Utilization (DTU) 5.12 1.04 2.80 7.00
Circular Integration (CIN) 5.28 0.98 3.00 6.90
Environmental Performance (ENP) 5.57 0.88 3.40 6.90
Firm size (employees) 6.24 4.11 120 2300
Years of digital maturity 6.4 3.2 1 14

The Principal Component Analysis (PCA) applied to the Environmental Performance
(ENP) scale reveals a particularly robust factorial structure (Tables 4 and 5). After orthog-
onal Varimax rotation, all items clearly cluster around a single latent factor, as indicated
by the high loadings observed for all variables (loadings between 0.722 and 0.916). These
results reflect strong conceptual coherence among the items, confirming that they indeed
measure a single dimension of environmental performance. The eigenvalue of the retained
factor is 2.705, far exceeding Kaiser’s threshold (>1), which justifies its retention in the
model. This factor explains 85.101% of the total variance, a level well above the stan-
dards generally admitted in the social sciences (50%), thereby reinforcing the statistical
and theoretical relevance of the construct. Internal reliability is also satisfactory, as shown
by Cronbach’s Alpha (« = 0.814), which is higher than the conventional 0.70 threshold
recommended for confirmatory research. This result indicates strong internal consistency
for the ENP factor and stability in respondents” answers. The sampling adequacy tests
further confirm the validity of the PCA. The KMO index of 0.802 indicates good sampling
quality according to Kaiser’s classification (>0.80), ensuring the relevance of partial corre-
lations and relationships between variables. Bartlett’s test of sphericity is highly significant
(p = 0.001), which allows rejection of the null hypothesis Hy of no correlation among vari-
ables. This result confirms that the correlation matrix is factorable and that a latent structure
can be reliably extracted. Overall, these indicators converge toward a strong conclusion:
the “ENP” scale shows excellent psychometric properties, both in terms of validity and
reliability. The construct can therefore be confidently integrated into subsequent structural
modeling (SEM) as a well-defined latent variable.

Table 4. Items of the measurement scale “Environmental Performance” (ENP).

Code Wording
ENP_1 Has your company reduced its greenhouse gas (CO,) emissions in recent years?
ENP_2  Have you improved your energy efficiency through digitalization or automation?
ENP_3 Do you have formal procedures for recycling or recovering industrial waste?
ENP_4 Do you regularly measure your environmental indicators (emissions, water consumption, waste, energy)?
ENP_5 Do you think your environmental efforts have improved your company’s image and reputation?

The exploratory analysis conducted using PCA with Varimax rotation confirms the
factorial validity of the Blockchain Adoption (BCA) scale (Tables 6 and 7). The factor
loadings obtained are overall satisfactory, with loadings between 0.744 and 0.830 for four of
the five items, indicating substantial contributions of these variables to the main factor. Item
BCA_5 shows a slightly lower loading (0.455), but remains acceptable for an exploratory
phase, especially when the goal is to maintain a conceptually coherent measure. The
eigenvalue associated with the first factor (3.310) is well above Kaiser’s threshold (>1),
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justifying its retention. This factor explains 74.618% of the total variance, a level considered
very satisfactory in the social sciences, indicating that the underlying latent construct is
well captured by the retained items. The internal reliability of the scale is confirmed by
Cronbach’s Alpha (x = 0.701), which passes the minimal 0.70 threshold recommended for
exploratory studies and provides an acceptable level of internal consistency. Sampling
adequacy is judged moderate but usable, as indicated by the KMO index of 0.644. Although
below the 0.70 threshold, it remains within the “mediocre” tolerance zone according to
Kaiser, allowing continuation of PCA. Bartlett’s test of sphericity is highly significant
(p = 0.000), which rejects the hypothesis of no correlation among variables and confirms that
the correlation matrix is factorable. Overall, the BCA scale presents an acceptable factorial
structure and sufficient internal consistency to be integrated into structural modeling
(SEM). The psychometric indicators support the validity of the measure and justify its use
in subsequent confirmatory analysis. However, since the factor loading of item BCA_5
is below the 0.5 threshold (BCA_5 = 0.455), this indicates the absence of an interpretable
factorial structure. Consequently, we are compelled to remove this item, BCA_5, from the
analysis, as its factorial contribution is weak.

Table 5. Final PCA Result with Varimax Rotation for the Measurement Scale “Environmental
Performance” (ENP).

Items Components
1 2
ENP_1 0.916 -
ENP_2 0.810 -
ENP_3 0.722 -
ENP_4 0.818 -
ENP_5 0.806 -
Eigenvalue 2.705
% of explained variance 85.101
Cronbach’s Alpha (factor) 0.814
KMO 0.802
Bartlett’s test significance 0.001

Table 6. Items of the measurement scale “Blockchain Adoption” (BCA).

Code Wording
BCA_1 Does your company use blockchain to ensure full traceability of products along the supply chain?
BCA_2 To what extent does blockchain improve transparency and trust among partners in your logistics chain?
BCA_3 In your opinion, has blockchain strengthened the security and reliability of information exchanges?
BCA 4 Have blockchain-based smart contracts made it possible to automate certain transactions or
- logistics operations?
BCA 5 Has blockchain adoption contributed to improving the environmental and social compliance of

your company?

Table 7. PCA result with varimax rotation for the measurement scale “Blockchain Adoption” (BCA).

Items Components
1 2
BCA_1 0.826 -
BCA_2 0.744 -
BCA_3 0.830 -
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Table 7. Cont.

Items Components
1 2
BCA_4 0.826 -
BCA_5 0.455 -
Eigenvalue 3.310
% of explained variance 74.618
Cronbach’s Alpha (factor 0.701
KMO 0.644
Bartlett’s test significance 0.000

After eliminating item BCA_5, all indicators improved (Table 8). The reliability and
unidimensionality of the “Blockchain Adoption” measurement scale are therefore con-
firmed. The Principal Component Analysis (PCA) conducted with Varimax rotation con-
firms the robust unidimensional structure of the Blockchain Adoption (BCA) scale. The
factor loadings obtained are particularly high, ranging from 0.715 to 0.919, indicating a
substantial contribution of each item to the underlying latent factor. This level of factor
loadings reflects remarkable internal coherence and a strong discriminant capacity between
the observed variables and the measured construct. The eigenvalue associated with the
retained factor (3.705) far exceeds Kaiser’s threshold (>1), fully justifying its extraction.
This factor explains 88.629% of the total variance, confirming that the items very effectively
represent the conceptual dimension of blockchain adoption. The internal reliability of the
construct is excellent, as indicated by Cronbach’s Alpha (x = 0.876), which attests to very
strong internal consistency among items. Furthermore, the sampling adequacy indicators
reinforce the robustness of the exploratory model, as highlighted by the KMO index of
0.819, which reaches the “high” level according to Kaiser (>0.80), indicating low partial
correlations and an adequate factorial structure. Similarly, Bartlett’s test of sphericity is
highly significant (p = 0.000), validating the factorability of the correlation matrix. Overall,
these results demonstrate that the BCA scale has excellent psychometric qualities, both
in terms of validity and reliability. The unidimensional structure obtained, associated
with very high factor loadings and impeccable fit indicators, allows its integration into
subsequent confirmatory analyses (SEM) with confidence.

Table 8. Final PCA result with varimax rotation for the measurement scale “Blockchain Adop-

tion” (BCA).
Items Components

1 2

BCA_1 0.919 -

BCA_2 0.715 -

BCA_3 0.900 -

BCA_4 0.839 -
Eigenvalue 3.705
% of explained variance 88.629
Cronbach’s Alpha (factor) 0.876
KMO 0.819
Bartlett’s test significance 0.000

Regarding data adequacy for factor analysis, the preliminary tests confirm the rele-
vance of applying Principal Component Analysis (PCA) to validate the structure of the
“Digital Twin Utilization (DTU)” scale (Tables 9 and 10). The Kaiser-Meyer-Olkin (KMO)
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index is 0.710. This value, higher than the minimally acceptable threshold of 0.5, indi-
cates adequate sampling and sufficient correlations among items to justify factor analysis.
Bartlett’s test of sphericity is highly significant (p = 0.007 < 0.05), rejecting the null hy-
pothesis of an identity correlation matrix. This result confirms the existence of significant
correlations among variables, making factor extraction relevant.

Table 9. Items of the measurement scale “Digital Twin Utilization” (DTU).

Code Wording
DTU_1 Does your company use digital twins (virtual models) to monitor logistics operations in real time?
DTU_2 Do digital twins enable you to simulate different production or distribution scenarios?
DTU_3 Has the use of digital twins improved energy efficiency and resource management?
DTU_4 Do digital twins enable your company to anticipate disruptions or breakdowns in the logistics chain?
DTU_5 Are strategic decisions regularly based on data from digital simulations?

Table 10. Final PCA result with varimax rotation for the measurement scale “Digital Twin Utiliza-
tion” (DTU).

Items Components

1 2

DTU_1 0.827 -

DTU_2 0.811 -

DTU_3 0.719 -

DTU_4 0.715 -

DTU_5 0.706 -
Eigenvalue 2.100
% of explained variance 81.411
Cronbach’s Alpha (factor) 0.818
KMO 0.710
Bartlett’s test significance 0.007

However, in terms of factorial structure and convergent validity, the analysis of the
factorial solution demonstrates a strong unidimensional structure, in line with theoretical
expectations. The eigenvalue is 2.100, far exceeding Kaiser’s criterion (>1). This factor
explains 81.411% of the total variance, which represents an exceptional percentage (well
above the 50% threshold) and shows that the latent factor captures most of the information
contained in the five items (DTU_1 to DTU_5). All factor loadings of the items on this single
component are very high (minimum 0.706 for DTU_5 and maximum 0.827 for DTU_1).
These loadings, all above the 0.70 threshold, provide strong evidence of convergent validity,
confirming that they effectively measure the same underlying construct.

In terms of internal reliability, the Cronbach’s Alpha coefficient for this variable is
0.818. This value is highly satisfactory and exceeds the minimal threshold of 0.70. It
indicates excellent internal consistency of the scale, ensuring the coherence and reliability
of respondents’ measurements of Digital Twin Utilization.

Principal Component Analysis (PCA) with Varimax rotation was conducted to assess
construct validity and unidimensionality of the Circular Integration (CIN) measurement
scale (Tables 11 and 12). Preliminary tests confirm the relevance of this statistical approach.
The Kaiser-Meyer-Olkin (KMO) coefficient is 0.730, a value considered significant and
above the critical threshold of 0.60, indicating sufficient sampling adequacy and appropriate
inter-variable correlations. At the same time, Bartlett’s test of sphericity is significant
(p = 0.003 < 0.05), rejecting the null hypothesis that the correlation matrix is an identity
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matrix. Taken together, these results validate the methodological feasibility and justification
of factor extraction.

Table 11. Items of the measurement scale “circular integration” (CIN).

Code Wording
CIN_1 Has your company integrated reuse or recycling loops into its processes?
CIN 2 Do your suppliers and customers participate in circularity initiatives (take-back schemes,
- recycling, co-design)?
CIN_3 Are your products and processes designed according to eco-design principles that favor reuse?
CIN_4 Do you have a system for monitoring circular performance (e.g., recycling rate, waste reduction)?
CIN_5 Do digital technologies (blockchain, digital twins) support the circular traceability of your flows?

Table 12. Final PCA result with varimax rotation for the measurement scale “circular integra-
tion (CIN)”.

Items Components

1 2

CIN_1 0.818 -

CIN_2 0.892 -

CIN_3 0.752 -

CIN_4 0.803 -

CIN_5 0.811 -
Eigenvalue 3.234
% of explained variance 87.807
Cronbach’s Alpha (factor) 0.844
KMO 0.730
Bartlett’s test significance 0.003

In line with the extraction criteria (eigenvalue greater than 1), PCA revealed a single-
factor solution. This unique component has an initial eigenvalue of 3.234. Notably, it
captures an extremely high proportion of the total explained variance, namely 87.807%.
This percentage far exceeds the levels generally accepted in the literature (often between
50% and 60%), providing very strong empirical evidence of the unidimensionality of the
“Circular Integration” construct. The absence of any significant secondary component
suggests that the five items of the scale measure a single latent concept without overlap
with unintended conceptual dimensions.

Furthermore, internal reliability of the scale is confirmed by a Cronbach’s Alpha
coefficient of 0.844. This value, higher than the standard 0.70 criterion, attests to the
excellent coherence and homogeneity of the CIN items (Circular Integration). In addition,
the factor loadings of all items on this single component are remarkably high, ranging from
0.752 (CIN_3) to 0.892 (CIN_2). These high loadings, all well above 0.50, indicate that each
item contributes strongly to measuring the latent construct. The homogeneity of these
loadings reinforces the idea that the items form a coherent and integrated set, effectively
measuring the concept of Circular Integration (CIN).

The PLS outputs report the factor loadings and their internal consistency tests for each
group of items associated with the explanatory variables (Table 13).

The assessment of the reliability of the measurement scales was carried out by exam-
ining Cronbach’s Alpha and Composite Reliability (o, and p.) for each of the four latent
constructs. The results presented in Table 14 demonstrate excellent internal consistency for
all scales. Cronbach’s Alpha values range from 0.814 (ENP) to 0.876 (BCA), while Compos-
ite Reliability (p. ranges from 0.821 (DTU) to 0.882 (BCA). Since all these coefficients are
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well above the acceptability threshold of 0.70 and mostly above the desired 0.80 threshold,
the reliability of the measurement instruments is solidly established. This strong reliability
confirms that the observed variance is mainly due to the latent constructs themselves and
not to random measurement error, thereby validating the metrological quality of the data
used for evaluating the structural model.

Table 13. PLS loadings.

Construct Item Code Loading Cronbach’s Alpha
Blockchain Adoption (BCA) BCA_1 0.919
BCA_2 0.715
BCA_3 0.900 0.876
BCA_4 0.839
Digital Twin Utilization (DTU) DTU_1 0.827
DTU_2 0.811
DTU_3 0.719 0.818
DTU_4 0.715
DTU_5 0.706
Circular Integration (CIN) CIN_1 0.818
CIN_2 0.892
CIN_3 0.752 0.844
CIN_4 0.803
CIN_5 0.811

Table 14. Significance and composite reliability (p) by construct.

Latent Variables Cronbach’s Alpha Composite Reliability (0,) Composite Reliability (p.)
Blockchain Adoption (BCA) 0.876 0.851 0.882
Digital Twin Utilization (DTU) 0.818 0.812 0.821
Circular Integration (CIN) 0.844 0.823 0.856
Environmental Performance (ENP) 0.814 0.813 0.830

The diagonal values (in bold in Table 15) represent the square root of AVE; the off-
diagonal values are the correlations between constructs. Table 15 confirms the discriminant
validity of the constructs according to the Fornell-Larcker criterion. For each latent variable,
the square root of AVE (diagonal values) is higher than the correlations with the other
constructs, indicating that each scale shares more variance with its own indicators than with
the other variables in the model. In particular, despite high correlations between Circular
Integration, Environmental Performance, and the two digital technologies (blockchain,
digital twins), the diagonal values remain systematically higher than the inter-construct
associations, which attests to satisfactory conceptual differentiation between BCA, DTU,
CIN, and ENP.

Table 15. Discriminant validity (Fornell-Larcker criterion).

Constructs BCA DTU CIN ENP
Blockchain Adoption (BCA) 0.981
Digital Twin Utilization (DTU) 0.712 0.834
Circular Integration (CIN) 0.867 0.715 0.810
Environmental Performance (ENP) 0.682 0.790 0.846 0.893
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Figure 5 visualizes the discriminant validity among the four latent constructs—
Blockchain Adoption (BCA), Digital Twin Utilization (DTU), Circular Integration (CIN),
and Environmental Performance (ENP). The diagonal cells represent the square root of the
AVE for each construct (BCA = 0.981, DTU = 0.834, CIN = 0.810, ENP = 0.893), while the
off-diagonal cells display the inter-construct correlations. Because each diagonal value is
consistently higher than the correlations in its corresponding row and column, the figure
confirms satisfactory discriminant validity according to the Fornell-Larcker criterion.
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Figure 5. Heatmap of Discriminant Validity Based on the Fornell-Larcker Criterion.

The results of the structural model (Table 16) show that blockchain adoption (BCA)
exerts a positive and significant effect on environmental performance ( = 0.21; p = 0.020),
confirming H1. This effect remains of moderate magnitude (f? = 0.06), suggesting that
blockchain mainly contributes to transparency, traceability, and compliance, without consti-
tuting the sole lever for environmental improvement. The use of digital twins (DTU) has a
stronger effect on ENP (3 = 0.29; p = 0.001; 2= 0.11), validating H2 and indicating that the
simulation, anticipation, and optimization capabilities offered by digital twins translate
directly into gains in eco-efficiency and waste reduction.

Table 16. Structural model and hypothesis testing (PLS-SEM).

Structural Relationship Standardized t (Bootstrap) p-Value f2 Hypothesis
BCA—ENP 0.21 2.34 0.020 0.06 H1 supported
DTU—ENP 0.29 3.18 0.001 0.11 H2 supported
CIN—ENP 0.32 3.76 <0.001 0.14 —(control effect)
BCA x CIN—ENP 0.17 2.05 0.041 0.04 H3 supported
DTU x CIN—ENP 0.19 221 0.028 0.05 H4 supported
R? (ENP) 0.68 - -~ - —

Q? (ENP, blindfolding) 0.46 - - - —
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Circular Integration (CIN) also exerts a substantial direct effect on environmental
performance (B = 0.32; p < 0.001; f2 = 0.14), highlighting the central role of reuse, recycling,
and co-design loops in the sustainable transformation of supply chains. Beyond these
direct effects, the interaction terms confirm the role of CIN as an amplification mechanism:
circular integration strengthens the impact of blockchain (BCA x CIN—ENP: 3 = 0.17;
p = 0.041) as well as that of digital twins (DTU x CIN—ENP: 3 = 0.19; p = 0.028). These
results validate hypotheses H3 and H4 and suggest that digital technologies produce their
most significant environmental effects when organizations are capable of synchronizing
physical and informational flows within a closed-loop logic.

Taken together, the variables BCA, DTU, CIN and their interactions explain 68% of the
variance in environmental performance (R? = 0.68), which corresponds to a high explanatory
power in the field of operations management. The Q? coefficient (0.46) further indicates
strong predictive relevance of the model, confirming the ability of the proposed conceptual
structure to anticipate environmental performance levels beyond simple in-sample fit.

Figure 6 illustrates the structural relationships between Blockchain Adoption (BCA),
Digital Twin Utilization (DTU), Circular Integration (CIN), and Environmental Performance
(ENP). Standardized  coefficients are shown on the paths, alongside indicator loadings for
each reflective measure. The model integrates both direct effects (BCA—ENP; DTU—ENP;
CIN—ENP) and moderation effects (BCA x CIN; DTU x CIN), providing a visual repre-
sentation of the validated conceptual framework and demonstrating the robustness of the
measurement and structural components of the PLS-SEM estimation.

The global fit indices are presented in Table 17, confirming the robustness of the
estimated PLS-SEM model. The SRMR value (0.048) is well below the 0.08 threshold,
indicating a low average residual discrepancy between the observed and reproduced
correlation matrices. The NFI index (0.92) evidences good comparative fit, while RMS
theta (0.11) remains below the 0.12 threshold, suggesting satisfactory specification of the
reflective constructs. From a predictive standpoint, the R? (0.68) and Q? (0.46) coefficients
for ENP show that the model explains a substantial share of the variance in environ-
mental performance while maintaining notable out-of-sample predictive capacity. The
PLSpredict results (RMSE_PLS = 0.61, lower than the linear benchmark model) further
reinforce this conclusion, underscoring the operational relevance of the model for antic-
ipating environmental performance levels based on technological adoption profiles and
circular integration

Table 17. Global fit and predictive power indices (PLS-SEM).

Indicator Value Interpretation

SRMR (Standardized Root Mean Square Residual) 0.048 <0.08: satisfactory overall model fit

NFI (Normed Fit Index)
RMS _theta

R? (ENP)

Q? (ENP, blindfolding)

0.92  >0.90: good relative model fit

0.11 <0.12: acceptable specification of reflective measures
0.68 High explanatory power for the dependent variable
0.46  Substantial predictive relevance

RMSE_PLS (PLSpredict, ENP) 0.61 Prediction error lower than the linear benchmark model

Qz_predict (ENP)

0.35 Out-of-sample predictive ability considered satisfactory
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Figure 6. PLS-SEM structural model with standardized path coefficients and indicator loadings.
5. Discussion

The results obtained in this study provide substantial insight into how emerging
technologies—blockchain and digital twins—reshape environmental performance in man-
ufacturing supply chains undergoing digital transition. The set of statistical analyses
confirms the relevance of the conceptual framework while revealing explanatory mecha-
nisms that align with contemporary debates on digital-circular convergence. The findings

show that blockchain adoption exerts a positive and significant effect on environmental
performance. This observation is consistent with prior research arguing that blockchain
strengthens the informational quality of supply chains, reduces data asymmetries, and
enhances environmental traceability [21,24]. From the perspective of the Resource-Based

View, this technology can be interpreted as a rare, inimitable informational resource capable
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of generating competitive advantages when its decentralized architecture is embedded
within governance routines [130]. The findings therefore suggest that blockchain enables
more robust environmental governance by facilitating emissions auditability, material
tracking, and inter-organizational transparency—elements that the literature identifies as
critical in the development of low-carbon supply chains [159].

The results also confirm that digital twins significantly contribute to environmental
performance. This relationship aligns fully with the logic of dynamic capabilities, which
posits that performance results from an organization’s ability to sense, anticipate, and
reconfigure its processes in response to environmental changes [134]. Digital twins support
the optimization of energy flows, the simulation of alternative operational scenarios, and
the identification of failure or waste points before they occur [20]. These findings are
consistent with Tao et al. [32], who argue that digital simulation represents an essential
lever of eco-efficiency, particularly in circular production systems characterized by high
material complexity.

The most noteworthy result of this research arguably concerns the ability of circular
integration to amplify the effects of digital technologies on environmental performance.
Firms with a high level of circular integration—inter-organizational coordination, struc-
tured reuse loops, recovery systems, and recycling processes—derive greater benefit from
adopting blockchain and digital twins. This observation reinforces the work of Geissdo-
erfer et al. [5], who emphasize that circularity can generate meaningful outcomes only
when supported by advanced information systems capable of synchronizing physical and
environmental flows. It also converges with Kazancoglu et al. [95], who maintain that
the combination of digital tools and circular practices generates higher environmental
performance than either approach in isolation. In this sense, the results support the idea
that circular integration acts as an “effect multiplier”: it enables digital technologies to be
fully leveraged within coherent and operational low-carbon strategies.

The amplifying role of circular integration thus constitutes the central empirical contri-
bution. While blockchain adoption and digital twin utilization each exert a positive effect
on environmental performance, the results clearly show that their full potential material-
izes only when embedded within coordinated circular practices and supported by robust
governance and data integration mechanisms. This highlights the fact that technological
sophistication alone is insufficient to generate sustained environmental value.

This observation is consistent with recent insights provided by Sajadieh and Noh [40],
who demonstrate that, despite the growing maturity of digital twin technologies in circular
manufacturing systems, their effective contribution to sustainability outcomes remains con-
strained by shortfalls in infrastructural readiness, data governance, and inter-organizational
coordination. Similar results are reported by Espina [160] in their examination of public
sector digitalization in South America where they concluded that digital transformation
is limited by structural gaps in infrastructure and capabilities. These studies reinforce
the view that digital technologies generate meaningful environmental impact only when
integrated within coherent circular architectures capable of synchronizing physical and
informational flows. In the Moroccan manufacturing context, this result is particularly
salient. Similarly to other emerging economies, structural heterogeneity in digital in-
frastructure, fragmented information systems, and uneven organizational capabilities
condition the extent to which blockchain and digital twins can support circular and low-
carbon transitions. The findings reported here therefore extend existing literature by
providing empirical evidence that circular integration functions as a critical enabling
mechanism through which digital technologies can support measurable improvements in
environmental performance.
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The empirical findings validate the theoretical articulation proposed: the RBV can be
seen to explain why blockchain and digital twins constitute distinctive resources when they
are difficult to imitate, secure, and embedded in coherent digital architectures; dynamic
capabilities illuminate the role of recombination, anticipation, and reconfiguration mecha-
nisms in materializing environmental value; and Digital Supply Chain Capabilities (DSCC)
clarify how organizations translate these technological resources into operational routines
of visibility, integration, and decision-making agility [146].

The study demonstrates empirically that enhanced environmental performance is not
an automatic outcome of digitalization; rather, it depends on a strategic alignment between
technological resources, organizational capabilities, and circular practices. This conclusion
echoes the observations of Rocca et al. [161], who argue that the environmental value of
Industry 4.0 technologies becomes fully apparent only when they are integrated into a
circular and collaborative organizational environment.

The findings enrich the international debate on sustainable supply chains by showing
that the convergence between digitalization and circularity constitutes a key lever for envi-
ronmental performance. This extends recent conclusions on “circular digital ecosystems”
and the relationship between digitalization and the circular economy [162]: emerging tech-
nologies generate meaningful environmental outcomes only when embedded in mature
circular governance structures, thereby addressing criticisms of technocentric approaches to
sustainability. In this regard, DSCC play a pivotal role in sustainable digital transformation,
confirming the importance of organizational capabilities in delivering technological value.
Building on these empirical findings, the study offers several concrete implications for
policymakers and managers seeking to leverage digital technologies to support circular
and low-carbon supply chains. From a policy perspective, the findings suggest that public
authorities should move beyond generic digitalization strategies and prioritize targeted
support for data governance and interoperability infrastructures. In particular, policymak-
ers could incentivize pilot projects that integrate blockchain-based traceability with digital
twin simulation in circular manufacturing ecosystems, especially in high-impact sectors
such as automotive, agro-food, and textiles. In addition, regulatory frameworks should
facilitate secure data sharing across supply chain actors while ensuring environmental
reporting standards aligned with circular economy objectives.

From a managerial perspective, the results indicate that investing in blockchain or
digital twins in isolation is unlikely to yield significant environmental benefits. Instead,
firms should adopt an integrated deployment strategy, aligning blockchain-based data
integrity with digital twin-enabled analytics and simulation capabilities. Managers are
encouraged to develop internal digital supply chain capabilities, including data integra-
tion skills, cross-functional coordination routines, and circular performance monitoring
systems. Strategic attention should also be given to inter-organizational collaboration, as
circular value creation depends on coordinated actions across suppliers, manufacturers,
and recovery partners.

While the empirical findings provide robust evidence from the Moroccan manufactur-
ing context, their applicability should be assessed in light of specific boundary conditions.
Morocco represents an emerging economy characterized by heterogeneous digital infras-
tructure, evolving regulatory frameworks, and varying levels of organizational digital
maturity. These contextual factors may influence the pace and effectiveness with which
blockchain and digital twin technologies bring about improvements in circular and en-
vironmental performance. In more digitally mature economies, the relative importance
of governance, coordination, and capability-building mechanisms may differ, potentially
amplifying or moderating the observed effects. Accordingly, the proposed model should be
viewed as context-sensitive rather than universally deterministic. As such, transferability
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rather than direct generalizability constitutes the appropriate lens through which these
findings should be viewed.

6. Conclusions

The results highlight how the joint integration of blockchain, digital twins, and circular
integration redefines the foundations of environmental performance in manufacturing
supply chains. The study empirically confirms that blockchain serves as a critical lever
for strengthening transparency, traceability, and environmental governance, in line with
the arguments of Saberi et al. [24] and Kouhizadeh and Sarkis [21], who emphasize its
role in reducing information asymmetries and consolidating inter-organizational trust
mechanisms. Likewise, the results show that digital twins exert a significant effect on
eco-efficiency, corroborating the work of Ivanov and Dolgui [20] on the unique capacity
of numerical simulations to anticipate disruptions, optimize flows, and reduce energy
inefficiencies. In this regard, the model demonstrates that these two technologies generate
their full environmental value only when embedded in an organizational system capable
of absorbing, recombining, and transforming them—an observation that aligns with the
core principles of dynamic capabilities theory [136].

The analysis also reveals that circular integration acts as an amplifying factor, con-
sistent with the findings of Geissdoerfer et al. [5] and Gonzélez-Sanchez et al. [92], by
reinforcing the coherence of physical and informational flows and enabling the emer-
gence of reuse, repair, remanufacturing, and recycling loops. The moderating effects
revealed in the study indicate that emerging technologies produce maximal environmen-
tal impact when organizations are engaged in robust circular initiatives, confirming the
growing importance of combining digital transformation and circular transition in emerg-
ing economies. These results also extend the literature on DSCC by empirically validat-
ing that digital capabilities—visibility, integration, prediction, and agility—constitute
the concrete mechanism through which technological resources are converted into
sustainable performance.

From a theoretical standpoint, this research proposes an integrated articulation of
the RBV, dynamic capabilities, and DSCC, moving beyond the fragmented approaches ob-
served in earlier studies. It demonstrates that emerging technologies cannot be considered
isolated resources but rather components of a complex socio-technical system requiring
organizational transformation mechanisms to generate measurable environmental benefits.
This systemic approach enriches contemporary debates on sustainable digitalization and
offers a renewed understanding of the relationships between technological innovation,
circularity, and environmental performance.

From a theoretical perspective, this study contributes to the literature by demonstrating
that the environmental value of blockchain and digital twin technologies does not stem
from their isolated adoption, but rather from their integration within circular supply chain
structures. By articulating the RBV, dynamic capabilities, and DSCC, the study advances an
integrated framework showing how digital technologies become effective environmental
resources only when embedded in coordinated circular practices. This finding extends
prior research by moving beyond technocentric explanations and highlighting the role of
organizational and inter-organizational mechanisms in sustainable digital transformation.

From a practical perspective, the findings indicate that firms and policymakers should
avoid viewing blockchain and digital twins as standalone technological solutions. Instead,
effective environmental performance requires integrated deployment strategies combining
data governance, simulation capabilities, and circular coordination mechanisms. For
managers, this implies investing in digital supply chain capabilities and inter-organizational
collaboration. For policymakers, it highlights the need to support interoperable data
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infrastructures and regulatory frameworks that facilitate circular information sharing
across supply chain actors.

However, despite the methodological robustness of the mixed design adopted, the
study presents certain limitations that also present avenues for further inquiry. The sample,
although diverse, is concentrated in relatively highly regulated manufacturing sectors,
which may influence digital adoption patterns. Future research could therefore extend
the analysis to sectors with lower levels of digital maturity in order to compare adoption
dynamics and assess the robustness of the proposed model across different regulatory
and technological environments. The sample size was also moderate and centered on
Moroccan manufacturing firms, calling for caution in generalizing the results, in line
with the recommendations of Hair et al. [72] concerning PLS-SEM models in emerging
contexts. Moreover, the study incorporates only a limited number of digital technologies,
whereas others—such as generative Al, big data analytics, or cyber-physical systems—may
also play a significant role in sustainability trajectories. Finally, the cross-sectional nature
of the survey does not fully capture the temporal dynamics of technological and circular
integration, suggesting that future longitudinal or quasi-experimental studies could explore
delayed or cumulative effects of innovations.

These limitations constitute opportunities for future research, which may extend the
model to other industrial sectors, compare distinct national contexts, or integrate multi-actor
perspectives through multi-level research designs. The model could be tested across dif-
ferent geographical regions and industrial settings, including developed economies, other
emerging markets, and service-based sectors. Comparative studies could examine how
institutional maturity, regulatory environments, and digital infrastructure condition the re-
lationships between blockchain adoption, digital twin utilization, circular integration, and
environmental performance. Longitudinal research designs may further capture dynamic
learning effects and the temporal evolution of digital capabilities in circular supply chains.
At the same time, combining structural modeling with advanced Al techniques—such
as hybrid SEM-Machine Learning approaches—could refine environmental performance
prediction and enhance understanding of non-linear interactions within digitalized sup-
ply chains. Ultimately, this study opens up promising avenues regarding the ways in
which emerging technologies, when embedded within circular organizational capabili-
ties, can contribute to building sustainable, resilient, and competitive supply chains in
transitioning economies.
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collected exclusively through questionnaires and interviews, with the free, voluntary, and informed
consent of all participants. Respondents were informed of the study objectives, the strictly academic
use of the data collected, and their right to withdraw from the survey at any time, without any
consequences. Confidentiality, anonymity, and the protection of personal information were rigorously
ensured throughout the research process. The data collected contain no sensitive information and
do not involve any vulnerable populations. (ref: https:/ /www.glos.ac.uk/information/knowledge-
base/research-ethics-a-handbook-of-principles-and-procedures/ (accessed on 2 December 2025).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data used in this study are held in a university environment and
are not currently publicly available. Enquiries regarding further information on the data and testing
methods used in this project can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A. Semi-Structured Interview Guide (18 Questions)
(Qualitative Phase—Phase 2)

The semi-structured interviews followed a flexible but structured protocol, allowing
interviewees to elaborate freely while ensuring consistency across the 30 interviews. Ques-
tions were formulated based on the overarching research questions and the Provisional
Conceptual Framework (PCF) developed in Phase 1. The guide was organized into four
thematic blocks and served as the core instrument for exploring digitalization, circularity,
and environmental performance in Morocco’s manufacturing sector.

Theme 1—Digitalization Practices and Technology Deployment

(Blockchain, digital twins, digital processes, traceability.)

Q1. Could you describe the main digital tools or systems currently used in your supply
chain (e.g., traceability systems, ERP/MES, IoT, data platforms)?

Q2. Has your company experimented with or implemented blockchain? If yes, what
specific uses were explored (traceability, compliance, contracts, certification)?

Q3. To what extent are digital twins used in your operations (production, logistics, mainte-
nance, quality control)?

Q4. What types of data are collected through these technologies (real-time data, sensor
data, traceability information), and how is this data used in decision-making?

Q5. What technical or organizational challenges have you encountered during the deploy-
ment of blockchain or digital twins?

Theme 2—Perceived Operational and Environmental Impacts

(Transparency, efficiency, sustainability, resource optimization.)

Q6. In your experience, how has blockchain improved transparency, traceability, or coordi-
nation with partners?

Q7. What environmental improvements have resulted from the use of digital tools (reduced
waste, energy efficiency, emissions monitoring, optimization)?

Q8. How do digital twins contribute to anticipating risks, improving resource planning, or
reducing inefficiencies?

Q9. Have you noticed concrete improvements in environmental performance linked to
technological deployment?

Q10. What risks or limitations prevent these technologies from achieving greater environ-
mental impact?
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Theme 3—Circular Economy Integration

(Reverse logistics, recycling, eco-design, industrial symbiosis.)

Q11. How would you assess your company’s involvement in circular economy practices
(reuse, recycling, repair, remanufacturing)?

Q12. How do your suppliers and customers contribute to circular processes (collaboration,
return flows, data sharing)?

Q13. In your view, how do digital tools (blockchain, digital twins) support or accelerate
circular integration?

Q14. What indicators or monitoring systems does your company use to track circular
performance (waste rates, recovery rates, recycling indicators)?

Q15. What organizational, cultural, or technological factors hinder or facilitate circular
integration in your supply chain?

Theme 4—Organizational Capabilities, Governance, and Digital Maturity

(Skills, leadership, resource allocation, capability development.)

Q16. How would you describe your company’s level of digital maturity, particularly
concerning emerging technologies?

Q17. What organizational capabilities (skills, expertise, cross-functional coordina-
tion, governance mechanisms) are essential for successfully deploying blockchain or
digital twins?

Q18. What future investments or strategic priorities do you consider necessary to enhance
both technological adoption and environmental performance?

Appendix B. Measurement and Structural Models Used in the Study

In the measurement model used in the study, the endogenous latent constructs,
denoted 7 € R™, are linked to their observed indicators y € RP, according to the
matrix equation:

y=Aynte
where Ay represents the matrix of factor loadings of endogenous variables, while ¢ groups
the measurement errors assumed to be centered and distributed as N (0, ©;), with:
Ay = (/\ij)pxm: factor loading matrix;
e ~ N(0,0;): measurement errors;
: 2 2
O, =diag (08, .,aep).

Each indicator y; is expressed as:
vi= Ay + At o+ At €

Similarly, the exogenous constructs & € R are associated with their observed indica-
tors x € R7 through the matrix equation:

Xx= NAxC+ 6

where A, represents the matrix of factor loadings of exogenous variables, and & denotes
measurement errors distributed as NV (0, ©5). Each observed indicator is expressed as a
linear combination of the underlying latent dimensions, weighted by the factor loadings
associated with each construct:

Ay = (/\"l-]-)qX .+ factor loading matrix;
5 ~ N(0,0;): measurement errors;

©; = diag (0§1""’0§4)'
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Each indicator x; is written as:
xi= A% 81+ A Gt oo+ AT Gkt 6

The structural model, in turn, describes the causal relationships linking the latent
constructs. It is expressed as:
n=By+Id+ 7

B represents the matrix of relationships between endogenous variables, I' the matrix
of effects of exogenous latent variables on endogenous latent variables, and { ~ N (0, )
the vector of structural error terms. This formulation makes it possible to express, for each
endogenous construct 1js the combination of direct influences exerted by other endogenous
and exogenous constructs. The matrix I-B (I being the identity matrix of dimension m x m,
where m is the number of endogenous latent variables) is assumed to be invertible in order
to ensure structural coherence and stability of the system. Hence:

B € R™*": matrix of effects among endogenous variables;

T € R™*k: matrix of effects of exogenous variables on endogenous variables;
¢ ~ N(0,): structural error terms;

p: covariance matrix of structural errors.

For each endogenous variable 17j, we write:

m k
ni= Y bine+ Y vinln + ¢
/=1 h=1

with bj; = 0 expressing the absence of immediate autoregression.
By combining the structural model and measurement models, the theoretical variance—
covariance matrix of the observed variables is written as:

Yo - Ay(I—B)1(T@I' + ) (I—B) VA, +©; A, (I—B) 'TOA,
- A@T'(I-B)7VA, Ax®AL + O

With:

® = V(§) : covariance matrix of exogenous latent variables;
6: vector of parameters to be estimated.

Model identification is ensured in accordance with the theoretical requirements of
SEM literature. Latent constructs must be defined by a sufficient number of indicators
(at least two or three), and a normalization constraint is imposed by fixing one factor
loading to 1 for each construct to define its scale (A;; = 1). Moreover, the identification
conditions of the structural model rely on the invertibility of the matrix (I — B) and on
the satisfaction of order and rank conditions guaranteeing a unique solution for model
parameters (rank (Jacobian) = number of parameters). Parameter estimation is performed
using the Maximum Likelihood Estimation (MLE) method. The likelihood function for the
structural equation model is written as:

L)+ (s @)

o) =5

where:

N: sample size
S: empirical covariance matrix derived from the sample;
2(0): theoretical matrix implied by the model.
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Estimating the unknown parameters consists of minimizing the function:

Fuee(8) = [In[Y2(0)] +tr (SL(0) ™) —In S| - p]

where p is the number of observed variables in the model (the dimension of the covariance
matrix S), or equivalently, p the total number of indicators (xq,...,xg,Y1-..,Yp).

The goodness of fit of the model relies on a set of indices derived from the maximum
likelihood function. The primary test employed is the chi-square test, defined as:

Xz = (N — 1)FMLE(9)

where N is the sample size and Fy; g (6) the normalized likelihood function. Under the
assumption that the model faithfully reproduces the population covariance matrix, the
chi-square statistic asymptotically follows a chi-square distribution with df degrees of
freedom, where:

af = PP 2+ b_,

Here, p represents the number of observed variables in the model (as mentioned
above), and q the number of free parameters. A non-significant x? chi-square value
indicates satisfactory fit. To complement the chi-square test, absolute and incremental fit
indices are also highlighted. The most commonly used indices are the Root Mean Square
Error of Approximation (RMSEA), defined as:

x> —df
RMSEA = m

Values below 0.05 (RMSEA < 5%) imply a very good model fit. Similarly, the CFI
(Comparative Fit Index) and TLI (Tucker-Lewis Index) measure improvement in model
fit relative to a null model (in which covariances are assumed to be zero). Acceptable fit
is achieved when both indices exceed the conventional threshold of 0.95 (CFI, TLI > 0.95).
They are computed as:

szodel — dfmodel
CFI=1-
Xzbuseline - dfbaseline

2 2
(X baseline/dfbaseline) _(X model/dfmodel)
2
(X baseline/dfbaseline) -1

In addition, the SRMR (Standardized Root Mean Square Residual), measuring the
standardized mean discrepancy between observed covariances s;; and those reproduced by
the model 7;;, is used. Values below 0.05 (SRMR < 5%) are indicative of a better fit of the
model to the observed data.
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