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This study examines how Circular Economy (CE) practices and Industry 4.0 (I4.0) capabilities influence
Sustainable Performance (SP) at the firm-level amid increasing environmental, social, and regulatory pressures.
Although prior research suggests that digital technologies can support circular strategies, limited empirical
evidence explains how 14.0 capabilities shape the CE-SP relationship at the firm-level across industries.
To address this gap, the study investigates the direct, mediating, and moderating roles of operational and
managerial 14.0 capabilities within the CE-SP nexus. A sequential mixed-methods design was employed,
combining survey data from 138 firms analyzed using partial least squares structural equation modeling (PLS-
SEM) with 10 semi-structured expert interviews for contextual validation. The findings show that CE practices
positively influence economic, social, and environmental performance. Managerial 14.0 capabilities partially
mediate the relationship between CE practices and social and environmental performance, whereas operational
capabilities show no significant mediating effects. Although CE practices support the development of both
operational and managerial digital capabilities, the moderating effects of 14.0 capabilities were limited and
only marginally significant across selected sustainability dimensions. The study advances understanding of
the CE-I14.0-SP relationship by showing that sustainability outcomes depend primarily on CE practices and
managerial rather than purely operational digital capabilities. It also provides practical insights for managers
and policymakers seeking to align digital transformation initiatives with CE objectives.

1. Introduction aim to decouple economic value creation from resource depletion and

environmental degradation [4]. 14.0 technologies, such as artificial

In recent years, escalating environmental degradation, resource intelligence (AI), the Internet of Things (IoT), and data analytics, enable

scarcity, and intensifying regulatory and societal pressures have fun-

L . real-time monitoring, automation, and digitally supported decision-
damentally reshaped how organizations pursue economic growth [1]. & ? gitatly supp

Firms across sectors are increasingly required to reduce waste, improve
resource efficiency, and address social responsibilities while maintain-
ing competitiveness [2,3]. In response, two strategic paradigms have
gained prominence: the Circular Economy (CE) and Industry 4.0 (14.0).
CE promotes regenerative production and consumption systems that
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making that can enhance organizational efficiency and transparency
[5]. Recent research further highlights the growing role of Al-enabled
system design and intelligent decision-support mechanisms in support-
ing CE transformation processes across organizational settings [6].
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Together, CE and I4.0 are increasingly viewed as complementary
approaches for enhancing economic, social, and environmental perfor-
mance. From a sustainable technology perspective, 14.0 extends beyond
efficiency-enhancing digital tools by supporting the implementation
and coordination of CE practices at the firm-level. In this context,
digital transformation enhances resource efficiency, transparency, and
circular value creation. However, despite increasing investment in
circular and digital transformation initiatives, many firms still struggle
to achieve consistent and measurable sustainability outcomes at the
firm-level [7,8].

Existing research highlights the potential synergies between CE
practices and I4.0 technologies in advancing organizational sustain-
ability [7,9,10]. CE practices such as eco-design, resource recovery,
and closed-loop systems have been associated with reductions in waste
and improvements in environmental performance. In parallel, digital
technologies can enhance transparency, traceability, and operational
efficiency, supporting more effective implementation of sustainability
initiatives.

Despite growing scholarly attention to the CE-I4.0 nexus, empir-
ical research remains fragmented and theoretically underdeveloped
[9,10]. First, prior studies frequently conceptualize 14.0 primarily in
terms of technology adoption rather than capability development [11].
Consequently, limited attention has been given to how firms develop
and deploy digital capabilities to support sustainability transformation.
Second, although many studies report positive associations between
digitalization and SP, empirical evidence remains inconclusive regard-
ing the mechanisms through which 14.0 contributes to economic, social,
and environmental outcomes [3,10]. Existing research also does not
clearly explain whether sustainability benefits result directly from digi-
tal technologies or from complementary organizational and managerial
capabilities. Third, although growing research examines CE and 14.0 in-
tegration at the firm-level, existing evidence remains fragmented across
micro-, meso-, and macro-level perspectives [12,13]. As a result, lim-
ited understanding exists regarding how firm-level digital capabilities
shape the translation of CE practices into sustainability outcomes.

Consequently, micro-level analyses are essential for understanding
how CE practices and 14.0 capabilities translate into Sustainable Perfor-
mance (SP) outcomes [3,14]. In this study, the term “micro-level” refers
to the firm as the primary unit of analysis, focusing on organizational-
level implementation of CE practices and 14.0 capabilities rather than
individual- or employee-level processes [15]. Despite growing interest
in CE and I4.0 integration, empirical research rarely differentiates
between operational and managerial digital capabilities or examines
how these capabilities shape CE-driven sustainability outcomes across
organizational contexts [7,9].

Operational 14.0 capabilities primarily support activities such as
automation, monitoring, and process optimization. In contrast, manage-
rial I14.0 capabilities involve higher-order functions related to strategic
alignment, data-driven decision-making, organizational coordination,
and capability reconfiguration [11,16]. From a Dynamic Capabilities
perspective, sustainability transformation depends not only on digi-
tal technology adoption, but also on firms’ ability to integrate these
technologies within circular business practices [16].

To address this gap, the present study empirically investigates the
direct, mediating, and moderating roles of I4.0 capabilities in the
CE-SP nexus at the micro-level. By focusing on the firm-level, the
study advances CE-I14.0 research in three ways. First, it explains how
operational and managerial digital capabilities influence the relation-
ship between CE practices and economic, social, and environmental
performance outcomes. Second, it clarifies whether 14.0 capabilities
function primarily as mediating or moderating mechanisms within the
CE-SP relationship. Third, it advances micro-level understanding of
how digital capability development influences sustainability outcomes
across organizational contexts.

The study further advances CE-I4.0 research beyond technology
adoption perspectives by proposing a capability differentiation frame-
work that explains how operational and managerial digital capabilities
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contribute differently to sustainability transformation. Accordingly, the
study is guided by the following research questions:

RQ1: To what extent do Circular Economy practices contribute
to enhancing Sustainable Performance across economic, social, and
environmental dimensions at the micro-level?

RQ2: How do operational and managerial capabilities enabled by
Industry 4.0 technologies mediate the relationship between Circular
Economy practices and Sustainable Performance at the micro-level?

RQ3: In what ways do operational and managerial Industry 4.0
capabilities moderate the strength or direction of the relationship be-
tween Circular Economy practices and Sustainable Performance at the
micro-level?

The following section develops a capability-based conceptual frame-
work grounded in Dynamic Capabilities Theory (DCT) and the
Resource-Based View (RBV) to examine the direct, mediating, and
moderating relationships within the CE-SP nexus.

The remainder of the paper is structured as follows. Section 2
presents the theoretical background and the development of hypothe-
ses. Section 3 outlines the research methodology. Section 4 presents
the empirical results. Section 5 discusses the findings and outlines the
theoretical and practical implications. Section 6 concludes the study
and suggests directions for future research.

2. Conceptual framework and hypothesis development

2.1. Theoretical foundations: An integrated dynamic capabilities and
resource-based perspective

This study is primarily grounded in DCT [16,17], which explains
how firms adapt, integrate, and reconfigure internal and external com-
petencies to address rapidly changing environments. DCT is particularly
suitable for examining the integration of CE practices and 4.0 ca-
pabilities because sustainability-oriented transformation requires firms
to continuously sense environmental and technological opportunities.
Such transformation also depends on managerial capabilities to seize
opportunities and reconfigure organizational resources to support long-
term SP [18]. In this study, 14.0 technologies are conceptualized as
digital resources that enable the development of organizational capa-
bilities.

CE implementation requires firms to redesign products, restruc-
ture production systems, and coordinate closed-loop resource flows,
which demand capabilities beyond routine operational efficiency. 14.0
technologies enable real-time data collection, automation, and digital
connectivity; however, prior research emphasizes that digital technolo-
gies generate performance benefits only when they are strategically
orchestrated and aligned with organizational objectives [11]. Accord-
ingly, DCT helps explain why firms differ in their ability to translate
similar digital investments into SP outcomes.

To complement this dynamic perspective, the RBV [19,20] is used
as a foundational framework to conceptualize CE practices and 14.0
capabilities as firm-specific strategic resources. From an RBV perspec-
tive, practices such as eco-design, environmental management systems,
and green investment recovery represent firm-specific resources that
are valuable and difficult to imitate, thereby supporting competitive
advantage and SP [2,21]. However, RBV alone cannot explain how
these resources are translated into sustained outcomes in dynamic
environments, highlighting the importance of DCT.

RBV and DCT, therefore, play complementary roles in the study.
From an RBV perspective, CE practices and 14.0-related resources may
constitute valuable firm-specific assets that support competitive advan-
tage and sustainability performance [19,20]. In contrast, DCT explains
how firms strategically integrate, reconfigure, and deploy these re-
sources to respond to dynamic environmental and technological condi-
tions [16,17]. RBV provides the resource foundation of the conceptual
model, whereas DCT explains how these resources are translated into
SP outcomes.
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Consistent with this perspective, the study distinguishes between
operational and managerial 14.0 capabilities. Operational capabilities
refer to execution-oriented uses of digital technologies that primar-
ily enhance process efficiency and responsiveness [11]. In contrast,
managerial capabilities represent dynamic orchestration capabilities,
including data-driven decision-making, strategic alignment, workforce
development, and continuous performance evaluation [16]. These man-
agerial capabilities enable firms to sense opportunities, coordinate
digital and CE resources, and support SP outcomes. Together, the
integrated RBV-DCT perspective explains how CE-related resources
support SP outcomes through 14.0 capabilities. In particular, man-
agerial capabilities play a critical role in aligning digital resources
with sustainability-oriented objectives and organizational adaptation
processes.

The study differentiates between operational digital capabilities and
managerial orchestration capabilities associated with sustainability-
oriented adaptation and resource reconfiguration. Operational 14.0
capabilities primarily support execution-oriented activities such as
automation, monitoring, and process efficiency, whereas managerial
14.0 capabilities enable firms to sense opportunities, align digital trans-
formation with sustainability objectives, and reconfigure organizational
resources accordingly. This distinction is theoretically important be-
cause prior CE-14.0 studies often treat digital capability as a homo-
geneous construct, overlooking the role of managerial orchestration in
sustainability transformation.

While operational 14.0 capabilities primarily enhance process ef-
ficiency and responsiveness, they do not independently enable firms
to strategically adapt circular business models or sustainability ob-
jectives. In contrast, managerial 14.0 capabilities support higher-order
organizational processes related to strategic coordination, resource or-
chestration, and continuous adaptation, which are essential for
sustainability-oriented transformation in dynamic environments [11,
16]. In CE implementation, long-term sustainability outcomes depend
not only on operational efficiency, but also on firms’ ability to align
digital transformation initiatives with broader organizational and envi-
ronmental objectives.

Accordingly, the conceptual framework positions 14.0 technologies
as digital resources that support the development of operational and
managerial capabilities, rather than as direct drivers of sustainability
performance.

2.2. Industry 4.0 capabilities at the micro-level: Operational and manage-
rial capabilities

14.0 is widely recognized as a complex and multi-dimensional
paradigm encompassing advanced digital technologies such as IoT,
big data analytics, cloud computing, and automation [22]. However,
conceptualizing 14.0 solely through technology adoption provides lim-
ited explanatory power because performance outcomes depend on
how digital resources are deployed, integrated, and governed. Ac-
cordingly, this study conceptualizes 14.0 as a set of organizational
capabilities rather than a bundle of discrete technologies. Drawing
on DCT, the study distinguishes between operational and managerial
14.0 capabilities. Operational capabilities primarily enhance efficiency,
whereas managerial capabilities enable firms to sense opportunities,
make strategic decisions, and reconfigure resources in response to
environmental change [16,18].

At the micro-level, operational I4.0 capabilities refer to the
execution-oriented deployment of digital technologies to enhance pro-
cess efficiency, responsiveness, and operational coordination [11].
While these capabilities support the exploitation of existing routines,
they do not independently enable strategic adaptation or sustainability-
oriented transformation. In contrast, managerial 14.0 capabilities
represent dynamic orchestration capabilities related to data-driven
decision-making, strategic alignment, workforce development, and con-
tinuous performance evaluation. Unlike generic managerial competen-
cies, managerial 14.0 capabilities are specifically associated with the
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strategic orchestration, integration, and governance of digitally enabled
processes and data-driven organizational transformation. Rather than
representing generic managerial competence or DCT more broadly,
managerial 14.0 capabilities are conceptualized here as context-specific
digital orchestration capabilities through which firms apply data-driven
decision-making, digital governance, and technology-enabled coor-
dination to support CE implementation and sustainability-oriented
reconfiguration. These managerial capabilities enable firms to interpret
digital insights, orchestrate the integration of 14.0 technologies with
CE practices, and engage in sensing, seizing, and reconfiguring activ-
ities that are essential for achieving SP outcomes. By aligning digital
transformation initiatives with sustainability objectives, managerial ca-
pabilities help firms coordinate circular processes, adapt organizational
routines, and integrate sustainability into strategic decision-making.
In contrast, operational capabilities primarily support the efficient
execution and monitoring of circular activities.

2.3. Hypotheses development

2.3.1. CE and SP

The CE is an emerging concept [2,23,24] aimed at extending the
lifecycle of resources across the design, manufacture, and delivery of
goods and services. CE restores the functionality of production and
consumption outputs through circular resource strategies, enabling the
development of innovative business models. CE practices are widely
recognized as an effective approach to advancing corporate sustain-
ability. Economically, CE practices enhance organizational resilience
by reducing supply chain vulnerabilities through closed-loop resource
flows. CE practices also foster cost efficiencies by reducing waste
management costs, energy consumption, and dependence on virgin
materials [25]. Socially, CE practices generate employment opportuni-
ties and promote new business models through sharing-based systems,
contributing to more equitable resource access [26,27]. Finally, the
environmental benefits of adopting CE practices include reduced virgin
resource extraction through regenerative models, enhanced efficiency
in water, energy, and raw material use, and lower pollution and waste
generation [28,29].

Despite these advantages, CE implementation alone may be in-
sufficient to achieve sustainability outcomes without complementary
systemic changes [2]. Nevertheless, CE remains a critical strategy for
achieving ecological balance by reducing resource use and waste gen-
eration while simultaneously enhancing business performance [30].

Specifically, eco-design and environmental management systems
can enhance environmental performance by reducing material con-
sumption, emissions, and waste generation throughout product life
cycles [31,32]. Environmental-related customer cooperation and green
investment recovery practices may further improve economic perfor-
mance through cost reductions, resource recovery, and enhanced op-
erational resilience [2,33,34]. In addition, CE practices can strengthen
social performance by promoting stakeholder collaboration, supporting
sustainable employment opportunities, and improving community and
employee well-being [26,27].

Existing literature suggests that CE practices positively contribute to
SP at the micro-level. Based on the above discussion, we propose the
following hypotheses:

H1. Micro-level CE practices have a direct and positive impact on
SP.

H1la. Micro-level CE practices have a direct and positive impact on
the economic performance of firms.

H1b. Micro-level CE practices have a direct and positive impact on
the social performance of firms.

H1lc. Micro-level CE practices have a direct and positive impact on
the environmental performance of firms.
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2.3.2. The mediating role of Industry 4.0-enabled capabilities in the CE-SP
relationship

By shifting from linear to closed-loop production systems, CE prac-
tices increase firms’ need for digital capabilities that support process
transparency, coordination, and real-time decision-making [35].

The integration of CE and I4.0 technologies to advance sustain-
ability remains an emerging research domain, with limited empirical
evidence validating their synergistic potential [36,37]. Few empirical
studies have examined this relationship specifically at the micro-level,
supporting a positive association between CE and 14.0 technologies
[38,39]. In contrast, numerous studies have demonstrated that CE
approaches significantly enhance SP through hazardous material mini-
mization, resource efficiency, energy conservation, and waste reduction
[40,41]. While some studies have begun exploring CE-14.0 synergies
[9], comprehensive empirical evidence at the firm-level that links their
integration to specific SP outcomes remains limited [3].

Drawing on DCT, the study conceptualizes 14.0 capabilities as mech-
anisms through which CE practices influence SP outcomes. From this
perspective, the implementation of CE practices increases firms’ need
to sense inefficiencies and sustainability opportunities, seize digital
solutions to address them, and reconfigure operational and managerial
processes accordingly [16]. 14.0 capabilities, therefore, function as
enabling mechanisms that support the alignment of circular practices
with micro-level performance objectives. In this study, mediation re-
flects the internal organizational processes through which CE practices
are translated into sustainability outcomes via the development and
deployment of 14.0 capabilities.

Importantly, the mediating role of 14.0 capabilities is expected to
differ by capability type. As defined earlier, operational 14.0 capa-
bilities support the execution and monitoring of circular processes
by enhancing efficiency, traceability, and process control. In contrast,
managerial 14.0 capabilities govern the strategic alignment, coordina-
tion, and continuous adaptation of digital initiatives, enabling firms to
integrate CE practices into decision-making and performance manage-
ment systems. Consequently, managerial capabilities are expected to
play a more decisive mediating role than purely operational capabilities
in translating CE practices into SP outcomes.

Based on this reasoning, the following hypotheses are proposed:

H2. 14.0 capabilities mediate the relationship between micro-level
CE practices and SP.

H2a. Micro-level CE practices have a direct and positive impact on
firms’ operational 14.0 capabilities.

H2b. Micro-level CE practices have a direct and positive impact on
firms’ managerial 14.0 capabilities.

H2c. Firms’ operational 14.0 capabilities directly and positively
impact their economic performance.

H2d. Firms’ operational 14.0 capabilities directly and positively
impact their social performance.

H2e. Firms’ operational 14.0 capabilities directly and positively
impact their environmental performance.

H2f. Firms’ managerial 14.0 capabilities directly and positively im-
pact their economic performance.

H2g. Firms’ managerial 14.0 capabilities directly and positively
impact their social performance.

H2h. Firms’ managerial 14.0 capabilities directly and positively
impact their environmental performance.

2.3.3. The moderating role of Industry 4.0-enabled capabilities in the
CE-SP relationship

While the mediating role of 14.0 capabilities explains the internal
mechanisms through which CE practices may be translated into SP
outcomes, moderation captures how differences in firms’ 14.0 capabil-
ities influence the strength of these relationships across organizational
contexts. Organizations across industries are increasingly pursuing sus-
tainability through integrated frameworks; however, the effectiveness
of CE practices in generating SP outcomes varies considerably across
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firms [42,43]. While CE practices define the strategic intent to reduce
resource use, waste, and environmental impact, their performance im-
plications depend on firms’ ability to effectively implement, coordinate,
and adapt these practices within existing operational and managerial
structures [44]. This variability highlights the importance of 14.0-
enabled digital capabilities as potential boundary conditions shaping
the strength of the CE-SP relationship at the micro-organizational level.

However, the moderating influence of 14.0 capabilities may not
be uniform or consistently observable across firms and sustainability
dimensions. The effectiveness of digital capabilities likely depends on
contextual conditions such as organizational readiness, implementation
quality, strategic alignment, and digital maturity [11,16]. Empirical ev-
idence from sector-specific studies further suggests that digital-circular
integration pathways are shaped by organizational and contextual con-
ditions, including implementation maturity, governance structures, and
industry-specific transformation dynamics [45]. In addition, CE im-
plementation and digital transformation are often highly integrated
organizational processes. As a result, 14.0 capabilities may function
more strongly as internal enabling mechanisms that support the execu-
tion and coordination of CE practices rather than as external boundary
conditions that systematically strengthen CE-SP relationships across
firms [3,16]. Accordingly, the moderating effects of 4.0 capabilities are
expected to be context-dependent and relatively modest across sustain-
ability dimensions. Furthermore, moderation effects in organizational
research are often empirically difficult to detect because interaction
effects tend to exhibit relatively small effect sizes and may be sensitive
to contextual heterogeneity across firms and industries [46].

The effectiveness of 14.0 capabilities may also vary across industries
and regional contexts due to differences in digital maturity, regula-
tory pressures, infrastructure readiness, and sustainability priorities.
Comparative evidence across meso- and macro-level contexts similarly
suggests that the sustainability implications of 14.0 technologies are
highly sensitive to contextual and institutional conditions [47]. Firms
operating in technologically advanced or resource-intensive industries
may therefore exhibit stronger CE-SP relationships than firms operating
in less digitally mature environments [13].

From a DCT perspective, 14.0 capabilities may under certain organi-
zational conditions function as moderating mechanisms that influence
how effectively CE practices are translated into economic, social, and
environmental performance outcomes. While CE practices establish cir-
cular objectives, 14.0 capabilities enhance firms’ capacity to coordinate
activities, respond to operational disruptions, and adapt processes in
real time. By strengthening firms’ ability to coordinate and adapt cir-
cular initiatives within organizational processes, 14.0 capabilities may
reinforce the impact of CE practices on SP outcomes when supported
by effective strategic alignment and organizational integration [16].

Importantly, the potential moderating influence of 14.0 capabilities
is expected to differ by capability type. Operational 14.0 capabilities
are likely to moderate the CE-SP relationship by improving process
efficiency, traceability, and operational control, thereby enhancing the
execution of circular practices. Managerial 14.0 capabilities may moder-
ate this relationship by aligning CE initiatives with strategic priorities,
integrating sustainability objectives into decision-making processes,
and facilitating organizational learning and adaptation. However, the
moderating effects of both operational and managerial 14.0 capabilities
are expected to be limited and contingent on specific dimensions of
SP, rather than uniform across economic, social, and environmental
outcomes.

Accordingly, the proposed moderation relationships are theoret-
ically plausible but context dependent. Despite growing interest in
the CE-I14.0 nexus, empirical research examining the moderating role
of 14.0 capabilities at the micro-level remains limited, particularly
across the economic, social, and environmental dimensions of SP. Given
the emerging and context-dependent nature of moderation research
within the CE-I4.0 literature, the present study examines the following
hypotheses regarding the potential moderating role of 14.0 capabilities:
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H3. 14.0 capabilities moderate the relationship between micro-level
CE and SP.

H3a. The operational 14.0 capabilities positively moderate the re-
lationship between micro-level CE and the economic performance of
firms.

H3b. The operational 14.0 capabilities positively moderate the rela-
tionship between micro-level CE and the social performance of firms.

H3c. The operational 14.0 capabilities positively moderate the re-
lationship between micro-level CE and the environmental performance
of firms.

H3d. The managerial 14.0 capabilities positively moderate the re-
lationship between micro-level CE and the economic performance of
firms.

H3e. The managerial 14.0 capabilities positively moderate the rela-
tionship between micro-level CE and the social performance of firms.

H3f. The managerial 14.0 capabilities positively moderate the rela-
tionship between micro-level CE and the environmental performance
of firms.

Fig. 1 summarizes the capability-based conceptual framework, il-
lustrating the mediating and moderating roles of Industry 4.0-enabled
operational and managerial capabilities in the relationship between CE
practices and SP at the micro-level, while depicting the constructs and
hypotheses developed in this section.

3. Methods and research design

This study adopts a sequential explanatory mixed-methods design,
integrating quantitative and qualitative approaches to examine the
relationships among CE practices, 14.0 capabilities, and SP (Fig. 2).
In Phase 1, quantitative data were collected through a cross-sectional
survey and analyzed using partial least squares structural equation
modeling (PLS-SEM) to identify statistically significant patterns and
relationships among the core constructs. In Phase 2, semi-structured
interviews were conducted to validate and contextualize the quanti-
tative findings while explaining the organizational mechanisms and
implementation challenges underlying the observed relationships.

The sequential explanatory mixed-methods design was considered
appropriate for this study because the research seeks not only to
examine statistically significant relationships among CE practices, 14.0
capabilities, and SP, but also to understand the organizational mech-
anisms underlying these relationships. Consistent with mixed-methods
research guidance [48], the quantitative phase was prioritized to test
the hypothesized direct, mediating, and moderating relationships us-
ing PLS-SEM across a heterogeneous sample of firms. The qualitative
phase was subsequently employed to explain and contextualize the
quantitative findings, particularly the partially significant and asym-
metric effects observed across operational and managerial 14.0 ca-
pabilities. This structure enabled methodological complementarity by
integrating statistical patterns with contextual insights into firm-level
implementation.

3.1. Sampling

This study targeted organizations operating across diverse industrial
sectors and geographic regions, with a specific focus on the micro-
level, defined as individual firms, SMEs, and production units. Firms
from regions commonly associated with both emerging and developed
economic contexts were included to capture variation in digitalization
maturity and sustainability practices, consistent with prior micro-level
sustainability research [3,14]. In this study, the firm was used as
the unit of analysis and, accordingly, a one-time, single-respondent
survey instrument was adopted, which is common in firm-level research
on digital transformation and sustainability where senior informants
possess comprehensive organizational knowledge [11,49]. The target
population comprised senior organizational informants, such as CEOs,
business owners, directors, and senior or middle managers involved
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in planning, implementing, or overseeing 14.0 technologies and CE
practices. Purposive sampling was considered appropriate because the
study required respondents with direct organizational knowledge of CE
implementation, 14.0 technologies, and sustainability-related decision-
making processes [50]. In addition, a snowball sampling technique
was employed, whereby initial participants referred other potential
respondents who met the study’s inclusion criteria [51]. An initial pool
of approximately 521 professionals was contacted, resulting in 316
formally submitted questionnaires. Following post-collection screening,
138 valid firm-level responses were retained for analysis to ensure
consistency with the study’s unit of analysis and inclusion criteria.
The final analytical sample included organizations from diverse indus-
tries and geographic regions, thereby enhancing contextual variation
within the study. This heterogeneity was appropriate given the study’s
exploratory aim of examining CE-14.0-SP relationships across orga-
nizational contexts. The sample size was sufficient for estimating the
proposed structural relationships, given the study’s exploratory and
prediction-oriented design and the complexity of the mediation and
moderation model. PLS-SEM is particularly suitable for research in-
volving complex models and moderate sample sizes [52]. Although
purposive and snowball sampling limit statistical generalizability, these
approaches were considered appropriate for identifying respondents
with direct experience in CE practices and 14.0 implementation within
their organizations.

3.2. Instrument development

The questionnaire was developed in English and designed to capture
firm-level practices related to CE implementation, 14.0 capabilities, and
SP. To evaluate the clarity, relevance, and completeness of the mea-
surement items, the initial version of the questionnaire was reviewed
by academic and industry experts with expertise in sustainability, dig-
ital transformation, and operations management, following established
survey development practices [53,54]. Based on their feedback, mi-
nor modifications were introduced to improve item clarity, contextual
relevance, and conceptual consistency with the study constructs. The
revised instrument was subsequently pre-tested with participants from
diverse industrial sectors and professional roles to evaluate the overall
suitability of the survey for the target population, as recommended for
firm-level survey research [49]. Feedback from the pre-test confirmed
that the questionnaire was appropriate for the target population and
capable of capturing the intended information. The survey was ad-
ministered using the SurveyMonkey platform, and the structure of the
questionnaire required responses to all items before submission. This
design ensured that only complete questionnaires were formally sub-
mitted and retained for analysis, thereby reducing the risk of truncated
responses and improving data usability.

Scale adaptation followed a structured process to ensure content
validity and contextual alignment. Measurement items were adapted
from previously validated studies and refined to reflect the firm-level
context of CE implementation, 14.0 capabilities, and SP. An expert re-
view was conducted to evaluate item clarity, relevance, and conceptual
consistency with the study constructs. The revised instrument was sub-
sequently pre-tested to assess wording, interpretability, and practical
suitability for the target respondents. These procedures enhanced the
methodological rigor and overall quality of the survey instrument prior
to full-scale data collection [53,54].

3.3. Data collection

Prior to the beginning of data collection, ethical approval was
obtained from the Institutional Review Board (Protocol # H24-016).
The survey was administered through LinkedIn invitations accompa-
nied by a Participant Information Sheet outlining the study objectives,
confidentiality assurances, and voluntary participation. Potential par-
ticipants were identified through a systematic review of professional
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Fig. 1. The conceptual framework of the research.

Abbreviations: EMS, Environmental Management Systems; ECC, Environmental-related Customer Cooperation; ED, Eco-design; GIR, Green Investment Recovery;
OC, Operational Capability; MC, Managerial Capability; RED, Reduction; GRO, Growth; EHR, Employees and Human Rights/Employees; WE, Work Environment;
SR, Stakeholders and Relationships/Stakeholders; RW, Reduction Waste; RE, Reduction Emissions; IE, Improvement Efficiency.

profiles and invited to participate on a voluntary basis. The question-
naires were collected over eight months, with multiple follow-up re-
minders issued to enhance participation. Following data screening and
eligibility assessment procedures, 138 valid firm-level responses were
retained for analysis. Fig. 3 illustrates the distribution of participants
across job positions, highlighting the diversity of roles represented in
the sample. The characteristics of the final sample are presented in
Table 1.

Potential non-response bias was assessed using the early-late re-
spondent comparison approach proposed by Armstrong and Overton
[55]. Early and late responses were compared across key respondent
characteristics and main construct scores to examine whether system-
atic differences existed between the two groups. Several procedural
remedies were implemented to reduce the potential influence of com-
mon method variance (CMV). Respondents were assured of anonymity
and confidentiality, and measurement items were adapted from pre-
viously validated scales. Questionnaire wording was refined through
expert review and pre-testing to improve clarity and reduce response
ambiguity, consistent with recommendations by Podsakoff et al. [49].

3.4. Measurement items

A comprehensive review of the literature was conducted to identify
valid and widely used measures for CE practices, [4.0 technologies,
and SP. The measurement items included in the questionnaire were
adapted from established scales reported in prior empirical studies,
ensuring content validity and consistency with existing research. Pre-
viously validated measures reported in the literature were used to
operationalize the study constructs (Appendix). All constructs were
assessed using five-point Likert-type scales. CE practices and 14.0 tech-
nologies were measured on scales ranging from 1 (“Not considering
it”) to 5 (“Successful implementation achieved”), reflecting the degree
of adoption and implementation maturity. SP was measured using
a scale ranging from 1 (“Worsened significantly”) to 5 (“Improved
significantly”), capturing respondents’ perceived changes in economic,
social, and environmental performance over time.

The use of perceptual measures for SP was considered appropriate
because objective sustainability indicators are often difficult to obtain
and compare across firms, industries, and geographic contexts. This
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Table 1
Sample characteristics.
Respondent classifications Total %

Industry sector Manufacturing 16 11.59%
Technology 14 10.14%
Electric/Electronic 3 2.17%
Healthcare 1 0.72%
Energy and Utilities 13 9.42%
Transportation and 3 2.17%
Logistics
Construction, Buildings, 14 10.14%
and Infrastructure
Food and Agriculture 6 4.35%
Retail and E-commerce 5 3.62%
Other (please specify) 63 45.65%

Education College Level 15 10.87%
(Diploma/Certificate)
Undergraduate 37 26.81%
Postgraduate and Doctorate 86 62.32%

Respondent position Middle Manager 31 22.46%
Senior Manager 18 13.04%
CEO 18 13.04%
Business Owner 19 13.77%
Executive 15 10.87%
General Manager 6 4.35%
Department Head 16 11.59%
Other (please specify) 15 10.87%

Experience (years) <10 54 39.13%
10-15 25 18.12%
15-25 34 24.64%
25+ 25 18.12%

Geographic area Africa 16 11.59%
Europe 38 27.54%
Asia 28 20.29%
Middle East 16 11.59%
North America 16 11.59%
Other (please specify) 24 17.39%

challenge is particularly relevant in multi-sector studies, where eco-
nomic, social, and environmental outcomes are frequently evaluated
using different organizational systems and reporting standards. Prior
research suggests that perceptual performance measures are appro-
priate when respondents possess direct organizational knowledge and
are capable of assessing relative organizational performance changes
[56,571.

The survey instrument included respondent background information
and 59 measurement items assessing the six primary constructs of the
conceptual model (Fig. 1), as detailed in Appendix. CE practices were
operationalized using 16 measurement items distributed across four
sub-constructs representing key dimensions of circular implementation
at the firm-level: Environmental Management Systems, reflecting the
adoption of environmental standards, pollution prevention practices,
and performance monitoring; Environmental-related Customer Cooper-
ation, capturing collaboration with customers on eco-design, cleaner
production, and energy-efficient logistics; Eco-design, assessing the
extent to which products are designed to minimize material and energy
consumption, facilitate reuse and recycling, and reduce hazardous sub-
stances; and Green Investment Recovery, measuring practices related
to recycling, reuse, and recovery of end-of-life products and materials.

To capture firms’ engagement with I4.0 capabilities, respondents
were first asked to indicate the digital technologies adopted within their
organizations, such as IoT, Al, and cloud computing. Subsequently,
eleven measurement items were used to assess 14.0 technologies as
organizational capabilities, conceptualized into two sub-constructs. Op-
erational 14.0 capability reflects the use of digital technologies to
support real-time monitoring, data visualization, process control, and
decentralized decision-making. Managerial I4.0 capability captures the
strategic and governance-oriented use of digital technologies, includ-
ing data-driven decision-making, analytics infrastructure development,
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employee training, implementation oversight, performance monitoring,
and adaptive capability development.

SP was assessed using 32 items, grouped into three sub-constructs
reflecting the triple bottom line perspective. Economic performance
was measured through two dimensions capturing cost efficiency and
growth-related outcomes. Social performance was operationalized us-
ing three dimensions related to employee well-being, work environ-
ment, and stakeholder relationships. Environmental performance was
measured using three dimensions capturing waste reduction, emission
reduction, and improvements in resource and energy efficiency. The
presentation of the measurement items is available in Appendix.

All constructs were specified as reflective because their indicators
were conceptualized as observable manifestations of the underlying
latent variables. In this specification, variations in CE practices, 14.0 ca-
pabilities, and SP were expected to be reflected through corresponding
variations in their respective indicators. The appropriateness of the re-
flective measurement specification was subsequently examined through
reliability and validity assessments conducted within the measurement
model evaluation.

3.5. Qualitative phase: Semi-structured interviews

To complement the quantitative analysis and deepen understanding
of the organizational processes and implementation dynamics associ-
ated with the observed relationships, semi-structured interviews were
conducted as part of the second phase of the sequential mixed-methods
design. Qualitative inquiry is particularly suited to exploring how and
why complex organizational phenomena unfold in practice, especially
in emerging research domains such as the integration of CE prac-
tices and 14.0 capabilities [58,59]. Accordingly, the qualitative phase
provided explanatory and contextual insights into the quantitative
findings.

A purposive sampling strategy was employed to select intervie-
wees with substantial and relevant experience in CE implementation
and the application or governance of 14.0 technologies, consistent
with established qualitative research practices [60]. Inclusion crite-
ria required participants to have direct professional involvement in
sustainability-oriented decision-making, digital transformation initia-
tives, or the operational implementation of CE and 14.0 practices. Ten
experts were selected to provide interpretive insights into firm-level
implementation processes.

Although participants came from diverse professional backgrounds,
all had sustained engagement with firm-level decision-making, imple-
mentation, or advisory activities related to CE and digital transforma-
tion. The unit of analysis remained the firm. Accordingly, interviewees
were treated as knowledgeable informants who provided contextual
insights into firm-level mechanisms identified in the quantitative analy-
sis. An overview of participants’ industry backgrounds, roles, and years
of experience is provided in Table 2. To ensure confidentiality, all
participants were anonymized using expert codes.

Interviews followed a semi-structured protocol aligned with the
study’s research questions and conceptual framework. Semi-structured
interviews enable flexibility while ensuring coverage of core themes,
making them particularly suitable for examining complex, process-
oriented organizational phenomena [61]. Interview questions focused
on three broad thematic areas. These included: (1) perceived mecha-
nisms underlying the direct and mediating relationships between CE
practices, 14.0 capabilities, and SP; (2) barriers and constraints limit-
ing the mediating role of 14.0 capabilities; and (3) contextual factors
shaping challenges and opportunities associated with the moderating
influence of 14.0 capabilities in the CE-SP relationship. All interviews
were conducted virtually via Microsoft Teams, audio-recorded with par-
ticipants’ informed consent, and transcribed in full for analysis. Inter-
view duration ranged from approximately 30 to 45 min. All interview
procedures were conducted in accordance with the approved ethical
protocol, and informed consent was obtained from all participants.
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Table 2
Background information of interviewed experts.
Expert Industry sector Respondent role Experi-
code ence in
years
El Manufacturing within Reader in sustainable 15
academia systems engineering
E2 Manufacturing and supply  Supply chain excellence 18
chain consultant
E3 Prefabricated construction,  Senior lecturer 19
construction and academia
E4 Ministry of Environment Environmental and 44
and consultations sustainability consultant
E5 Government Demand side management 20
expert
E6 Defense (technology and Consultant and former 45
manufacturing) and academic
academia
E7 Heavy equipment and CEO 44
machinery distribution
E8 Government Head of department of 22
partnerships
E9 Academia Director of circular 17
economy practice and
Director of business
development
E10 Consultancy (sustainability, Director/senior advisor 17

management and finance)

Data analysis was conducted using an inductive thematic analysis
approach, which is well-suited for identifying patterns and meanings
grounded in participants’ perspectives [62]. Initial open coding was
applied to the interview transcripts to identify meaning units using
participants’ own language. Through iterative comparison across inter-
views, related codes were grouped into higher-order categories and sub-
sequently refined into broader themes capturing recurrent patterns as
well as contrasting perspectives across interviews. To support system-
atic data management and analytical transparency, the coding process
was facilitated using Dedoose qualitative analysis software [63].

Analytical rigor and credibility were enhanced through multiple
strategies. A subset of transcripts was independently coded by two
researchers, and discrepancies were discussed until consensus was
reached, supporting inter-coder reliability [64]. Reflexive discussions
were conducted throughout the analysis to challenge emerging
interpretations and reduce confirmation bias. Both convergent and
contradictory perspectives were considered to ensure that the qual-
itative findings illuminated organizational tensions, implementation
dynamics, and contextual contingencies.

Data collection and analysis proceeded iteratively until thematic
saturation was reached, defined as the point at which additional inter-
views no longer generated substantively new themes, implementation
challenges, or interpretive insights relevant to the CE-14.0-SP relation-
ships under investigation [65]. Saturation was largely observed after
the seventh interview, where recurrent patterns and organizational
mechanisms began to converge across participants. The remaining
interviews were conducted to confirm thematic consistency and assess
whether additional sector-specific insights emerged; however, no sub-
stantively new themes were identified. Accordingly, data collection was
concluded after the tenth interview.

Overall, the qualitative findings provide contextual depth and ex-
planatory insight into the CE-14.0-SP nexus, complementing the quan-
titative results by clarifying how firm-level capabilities, organizational
constraints, and strategic choices shape sustainability outcomes in prac-
tice.

Integration between the quantitative and qualitative phases oc-
curred at the design, analysis, and interpretation stages of the study.
The interview protocol was informed by the quantitative findings,
particularly the partially significant mediation effects, the weak mod-
eration results, and the differing roles of operational and managerial
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Table 3
Descriptive distribution of respondents’ reported engagement with Industry 4.0
technologies.

14.0 Technology Response count

Artificial intelligence 87
Cloud computing 74
Internet of Things 74
Cybersecurity 66
Big data 53
Simulation/s 34
Robotics 20
Additive manufacturing 10
Augmented reality 8

Note: Response frequencies indicate the number of respondents identifying each
technology as relevant, implemented, or utilized within their organizations. 14.0 =
Industry 4.0.

14.0 capabilities. Qualitative themes were subsequently compared with
the statistical findings to identify areas of convergence and interpretive
explanation. This integration clarified the organizational conditions,
implementation barriers, and capability-related dynamics shaping the
CE-14.0-SP relationships.

4. Data analysis and results

PLS-SEM was employed to test the proposed research model and
hypotheses because it is suitable for moderate sample sizes, exploratory
and predictive research, complex mediation-moderation models, and
data that do not require strict normality assumptions [52]. Fig. 4
presents the hypothesis-testing model. In addition, semi-structured in-
terviews with experts from academia and industry were conducted to
validate and contextualize the quantitative findings, providing deeper
insight into the organizational mechanisms and practical dynamics
underlying the CE-14.0-SP nexus. The structural model was estimated
using survey data from 138 micro-level organizations.

4.1. Descriptive overview of Industry 4.0 technology responses

Prior to assessing the measurement model, a descriptive analysis
was conducted to examine respondents’ engagement with different 14.0
technologies. Table 3 presents the frequency of responses for each tech-
nology as reported by the participants. Artificial Intelligence received
the highest number of responses (87), followed by Cloud Computing
and the Internet of Things, each with 74 responses. This suggests that
data-driven and connectivity-oriented technologies represent the most
prevalent I4.0 technologies among the sampled firms. Conversely, tech-
nologies such as Augmented Reality (8) and Additive Manufacturing
(10) received fewer responses, indicating comparatively lower levels
of organizational adoption or implementation maturity among the
participating firms. This distribution contextualizes the technological
profile of the sampled firms and informs the subsequent model analysis.

4.2. Assessment of the measurement model

The measurement model was assessed for content validity, construct
validity, and reliability, as suggested by Hair et al. [53]. Content
validity was supported through validated measurement items adapted
from prior research. Reliability was assessed using Cronbach’s alpha
and Composite Reliability (CR), with values above the recommended
threshold of 0.70 indicating satisfactory internal consistency relia-
bility [53]. As shown in Table 4, Cronbach’s alpha values for all
constructs (CE, 14.0 technologies, and SP) exceeded 0.7, confirming
internal consistency. Similarly, CR values for all constructs were above
0.8, indicating strong composite reliability.

Construct validity was assessed through convergent validity and
discriminant validity analyses [66]. Convergent validity was evaluated
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Fig. 4. Empirically tested and validated structural framework using SmartPLS 4 and partial least squares structural equation modeling (PLS-SEM).

Note: The figure presents the empirically tested direct, mediating, and moderating relationships among Circular Economy practices at the micro-level (CEMi),
Industry 4.0 operational capabilities (I4.0T-OC), Industry 4.0 managerial capabilities (I14.0T-MC), and Sustainable Performance dimensions, including economic
performance (SPEP), social performance (SPSP), and environmental performance (SPENVP). Values displayed on the paths represent bootstrapped significance

levels, while values within endogenous constructs indicate R? values.

using factor loadings and Average Variance Extracted (AVE). Factor
loadings ranged from 0.587 to 0.903, with most values exceeding the
ideal threshold of 0.70. While standardized factor loadings of 0.50 or
higher are generally acceptable and 0.70 or above is considered ideal,
these results support the robustness of the measurement model [67].

The AVE values were 0.528 for Circular Economy practices at the
micro-level (CEMi), 0.666 for 14.0 operational capability (14.0T-OC),
and 0.705 for 14.0 managerial capability (I4.0T-MC). For the SP dimen-
sions, the AVE values were 0.444 for economic performance (SPEP),
0.511 for social performance (SPSP), and 0.593 for environmental
performance (SPENVP). Most constructs exceeded the recommended
AVE threshold of 0.50, thereby supporting convergent validity.

Although the AVE value for economic performance (AVE = 0.444)
fell slightly below the recommended threshold, the construct was re-
tained because its composite reliability (CR = 0.888) and Cronbach’s
alpha (@ = 0.861) exceeded recommended thresholds, indicating satis-
factory internal consistency reliability. Prior PLS-SEM research suggests
that AVE values marginally below 0.50 may remain acceptable when
composite reliability is sufficiently high and the construct demonstrates
conceptual validity [53,67,68].

In addition, several indicators exhibited loadings below the ideal
threshold of 0.70 but exceeded the minimum acceptable threshold of
0.50 commonly accepted in exploratory and theory-building research.
These indicators were retained because they contributed to content
validity and captured conceptually important dimensions of CE prac-
tices and SP constructs. Removing these indicators did not meaningfully
improve reliability or alter construct meaning.

Discriminant validity was evaluated using the cross-loadings cri-
terion and the Fornell-Larcker criterion [69]. Cross-loading analysis
demonstrated that each measurement item loaded highest on its in-
tended construct, confirming appropriate item-construct associations
and measurement accuracy [70]. In addition, discriminant validity is
established when a latent construct explains more variance in its own
indicators than in those of other constructs [71]. As shown in Table
5, and consistent with the Fornell-Larcker criterion, the square root
of the AVE for each sub-construct (CEMi, 14.0T-OC, 14.0T-MC, SPEP,
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SPSP and SPENVP) exceeds its correlations with all corresponding
latent variables, thereby affirming the discriminant validity of all sub-
constructs within the model. In addition, common method bias was
assessed through collinearity diagnostics using variance inflation fac-
tors (VIFs), following recommendations for PLS-SEM research [53,72].
The VIF results did not indicate critical collinearity concerns, suggest-
ing that common method bias and multicollinearity were unlikely to
pose serious concerns within the model.

4.3. Structural model assessment and hypothesis testing

4.3.1. Structural model assessment

The structural model was assessed using SmartPLS 4.0 to analyze
the direct and indirect relationships among CE practices, 14.0 tech-
nologies, and SP. Key evaluation metrics included path coefficients (),
coefficients of determination (R2) and predictive relevance (Q2), as
recommended by Hair et al. [53] (see Table 8).

Path coefficients (f) and R? values were used to assess the strength
and explanatory power of the hypothesized relationships. A bootstrap-
ping approach was conducted to obtain p-values and t-values for each
path. Path coefficients were considered statistically significant when
p > 0 and p < 0.05. Based on this criterion, hypotheses Hla, H1b,
Hlc, H2a, H2b, H2g, and H2h were supported, indicating significant
relationships ( > 0, p < 0.05). In contrast, hypotheses H2c, H2d,
H2e, H2f, H3a, H3b, H3e and H3f were not supported due to either
low g values and/or p-values exceeding the 0.05 threshold. H3c and
H3d show directionally consistent but statistically weak interaction
estimates (H3c: p = 0.173, p = 0.054; H3d: g = 0.177, p = 0.094).
Given the exploratory nature of the moderation analysis, the mod-
erate sample size, and the number of interaction tests conducted,
these marginal effects are interpreted cautiously and should not be
considered confirmatory evidence of stable moderating relationships.
The results indicate that CE practices at the micro-level (CEMi) have
strong positive effects on both 14.0 technologies and SP, suggesting
that firms prioritizing CE practices can simultaneously advance tech-
nological adoption and achieve triple-bottom-line outcomes. However,
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Table 4
Reliability and convergent validity assessment of the measurement model constructs.
Construct Subconstructs Item Loading Cronbach’s alpha rho A rho_c AVE
Circular economy practices Micro (CEMi) CEMi-EMS-1 0.750 0.939 0.946 0.947 0.528
CEMi-EMS-2 0.652
CEMi-EMS-3 0.737
CEMi-EMS-4 0.728
CEMi-EMS-5 0.761
CEMi-ECC-1 0.669
CEMi-ECC-2 0.700
CEMi-ECC-3 0.660
CEMi-ECC-4 0.617
CEMi-ED-1 0.806
CEMi-ED-2 0.830
CEMi-ED-3 0.794
CEMi-ED-4 0.751
CEMi-GIR-1 0.773
CEMi-GIR-2 0.752
CEMi-GIR-3 0.592
Industry 4.0 Technologies Operational Capability 14.0T-OC-1 0.846 0.874 0.883 0.908 0.666
(I4.0T-0C)
14.0T-OC-2 0.848
14.0T-0C-3 0.717
14.0T-OC-4 0.858
14.0T-OC-5 0.803
Managerial Capability 14.0T-MC-1 0.768 0.915 0.919 0.935 0.705
(14.0T-MC)
14.0T-MC-2 0.778
14.0T-MC-3 0.832
14.0T-MC-4 0.903
14.0T-MC-5 0.858
14.0T-MC-6 0.890
Sustainable performance Economic Performance SPEP-RED-1 0.671 0.861 0.863 0.888 0.444
(SPEP)
SPEP-RED-2 0.677
SPEP-RED-3 0.678
SPEP-RED-4 0.645
SPEP-RED-5 0.598
SPEP-RED-6 0.693
SPEP-GRO-1 0.735
SPEP-GRO-2 0.661
SPEP-GRO-3 0.688
SPEP-GRO-4 0.605
Social Performance SPSP-EHR-1 0.748 0.912 0.918 0.926 0.511
(SPSP)
SPSP-EHR-2 0.716
SPSP-EHR-3 0.784
SPSP-EHR-4 0.719
SPSP-WE-1 0.712
SPSP-WE-2 0.587
SPSP-WE-3 0.688
SPSP-SR-1 0.697
SPSP-SR-2 0.745
SPSP-SR-3 0.801
SPSP-SR-4 0.711
SPSP-SR-5 0.642
Environmental SPENVP-RW-1 0.701 0.923 0.931 0.936 0.593
Performance (SPENVP)
SPENVP-RW-2 0.746
SPENVP-RE-1 0.788
SPENVP-RE-2 0.782
SPENVP-RE-3 0.846
SPENVP-IE-1 0.788
SPENVP-IE-2 0.839
SPENVP-IE-3 0.750
SPENVP-IE-4 0.760
SPENVP-IE-5 0.686

Abbreviations: rho_A, reliability coefficient; rho_c, composite reliability; AVE, average variance extracted.
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Table 5
Discriminant validity assessment using the Fornell-Larcker criterion.
CEMi 14.0T-MC 14.0T-OC SPENVP SPEP SPSP
CEMi 0.726
14.0T-MC 0.522 0.840
14.0T-OC 0.487 0.805 0.816
SPENVP 0.573 0.460 0.394 0.770
SPEP 0.433 0.399 0.362 0.682 0.666
SPSP 0.433 0.442 0.364 0.573 0.557 0.715

Note: Diagonal values represent the square root of the average variance extracted (AVE)
for each construct. Discriminant validity is established when the square root of the AVE
exceeds the inter-construct correlations.

the lack of mediation by (I4.0T-OC) highlights the importance of man-
agerial readiness (I4.0T-MC) in translating 14.0 implementation into
sustainability gains.

As shown in Table 6, the practices of CEMi have significant positive
direct effects on both dimensions of 14.0 technologies, including (14.0T-
OC:  =0.487, p < 0.05) and (14.0T-MC: g = 0.522, p < 0.05), as well as
on the SP dimensions of economic (SPEP: # = 0.339, p < 0.05), social
(SPSP: = 0.294, p < 0.05), and environmental performance (SPENVP:
p =0.483, p < 0.05). The consistent rejection of hypotheses H2c, H2d,
H2e, H2f, H3a, H3b, H3e, and H3f indicates that operational 14.0 ca-
pabilities alone have limited predictive capacity for SP outcomes. This
suggests that process-level digitalization may support efficiency and
monitoring, but it may be insufficient to generate broader sustainability
outcomes without complementary managerial integration and strategic
alignment with CE objectives. These findings support the theoretical
proposition that operational capabilities require complementary inte-
gration with both (CEMi) and managerial 14.0 competencies to achieve
meaningful sustainability transformation.

While operational capabilities (I4.0T-OC) do not exhibit statistically
significant mediating effects on SP outcomes, managerial capabili-
ties (I4.0T-MC) demonstrate partial mediation regarding social and
environmental performance, as indicated in Table 7. These results
suggest that managerial readiness is important for translating digital
investments into sustainability outcomes. Furthermore, the rejection of
hypotheses H2c, H2d, H2e, H2f, H3a, H3b, H3e, and H3f highlights
the limited predictive capacity of operational 14.0 technologies when
considered in isolation from strategic managerial orientation and CE
integration. This finding aligns with the theoretical premise that digital
transformation must be embedded within broader organizational and
sustainability frameworks to generate meaningful outcomes.

As shown in Table 8, the R? values are 0.237 (I4.0T-OC), 0.272
(I4.0T-MC), 0.274 (SPEP), 0.258 (SPSP), and 0.392 (SPENVP), all of
which exceed the minimum acceptable threshold of 0.10, indicating
moderate explanatory power [73]. The Stone-Geisser test (Q2) values:
0.215, 0.250, 0.126, 0.158, and 0.301 for 14.0T-OC, 14.0T-MC, SPEP,
SPSP, and SPENVP, respectively, are all greater than zero, confirming
the model’s predictive relevance [73].

4.3.2. Hypothesis testing

4.3.2.1. The direct effect. The analysis of eleven direct hypotheses
revealed three central findings. First, CEMi significantly influenced
all dimensions of SP: economic (Hla: § = 0.339, p = 0.000), social
(H1b: g = 0.294, p = 0.001), and environmental (Hlc: f = 0.483,
p = 0.000). Second, CEMi significantly influenced both operational
(H2a: g = 0.487, p = 0.000) and managerial capabilities (H2b: g =
0.522, p = 0.000), highlighting its role as a critical enabler of 14.0
technologies implementation and sustainable outcomes. Specifically,
only managerial competencies consistently contributed to sustainability
gains. Third, the impact of 14.0 technologies varied by capability type:
managerial competencies positively influenced social (H2g: g = 0.299,
p = 0.022) and environmental performance (H2h: g = 0.231, p = 0.017),
while operational capabilities showed no significant effect on economic
(H2c: g = 0.097, p = 0.239), social (H2d: g = —-0.011, p = 0.473), or
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environmental performance (H2e: # = —0.005, p = 0.485). Although
the path from managerial capabilities to economic performance was
directionally positive (H2f: g = 0.158, p = 0.128), it was not statistically
significant.

4.3.2.2. Mediating effects (In-direct relationships). In assessing the in-
direct effects, the findings indicate that 14.0 managerial capability
(I4.0T-MC) partially mediates the relationship between CE practices
at the micro-level (CEMi) and both social (SPSP) and environmental
performance (SPENVP) dimensions, as the mediating effects were statis-
tically significant (P = 0.033 and 0.024, respectively), as shown in Table
7. However, the mediating effects of I4.0 operational capability (I4.0T-
0OCQ) in the relationship between CE practices at the micro-level (CEMi)
and SP outcomes were found to be non-significant. This suggests that
CE practices generate stronger sustainability outcomes when aligned
with managerial rather than operational 14.0 capabilities.

4.3.2.3. Moderating effects. The moderation analysis revealed limited
empirical support for the proposed moderating effects of both oper-
ational and managerial 14.0 capabilities on the relationship between
CEMi and SP outcomes. 14.0T-OC exhibits a directionally consistent
but statistically weak moderating effect on the CEMi-environmental
performance (SPENVP) relationship (f = 0.173, p = 0.054), indicating
a modest potential under certain organizational conditions to sup-
port environmental outcomes through process-oriented technological
enhancements. Conversely, 14.0T-MC demonstrates a directionally con-
sistent but statistically weak moderating impact on the CEMi—economic
performance (SPEP) relationship (f = 0.177, p = 0.094), suggesting
that strategic oversight and decision-making integration of 14.0 tools
may condition the economic value derived from circular practices.
Given the exploratory nature of moderation analysis and the number of
interaction tests conducted, marginal effects (p < 0.10) are interpreted
cautiously and should not be considered confirmatory evidence [46,
53]. However, neither capability type exerted statistically significant
moderation across the remaining dimensions of SP, underscoring the
limited and domain-specific effectiveness of isolated capabilities in
reinforcing CE-SP synergies.

These findings suggest that 4.0 capabilities may contribute more
strongly as organizational enabling and integrative mechanisms than
as direct boundary conditions strengthening CE-SP relationships across
firms. From a DCT perspective, the limited moderation effects may re-
flect the integrated and context-specific nature of sustainability
transformation processes. While digital capabilities can support co-
ordination, monitoring, and strategic adaptation, their effectiveness
likely depends on implementation quality, organizational readiness,
and alignment with broader CE principles. Consequently, the sustain-
ability benefits associated with 14.0 capabilities may emerge more
consistently through managerial orchestration and capability integra-
tion rather than through direct interaction effects alone. These findings
indicate that sustainability outcomes may depend less on isolated digi-
tal capabilities and more on the effective integration of operational and
managerial capabilities within broader CE implementation processes.

4.4. Qualitative validation and contextualization of the quantitative find-
ings

To complement, validate, and contextualize the quantitative find-
ings, semi-structured interviews were conducted with ten domain
experts from academia, industry, and government sectors. Interview
transcripts were coded iteratively in Dedoose using thematic analy-
sis, while coding reliability was strengthened through independent
coding and consensus discussions between researchers. The qualita-
tive findings were subsequently used to interpret the organizational
mechanisms and contextual conditions underlying the quantitative
relationships identified in the structural model analysis.
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Table 6
Hypothesis result.
Hypo Path Path coefficient Sample mean Standard deviation T values P values Decision
()] ) (STDEV) “accept/reject”
Hla CEMi — SPEP 0.339 0.349 0.084 4.045 0.000 Accepted
H1b CEMi — SPSP 0.294 0.297 0.092 3.204 0.001 Accepted
Hlc CEMi — SPENVP 0.483 0.494 0.081 5.957 0.000 Accepted
H2a CEMi — 14.0T-OC 0.487 0.494 0.071 6.890 0.000 Accepted
H2b CEMi — [4.0T-MC 0.522 0.528 0.067 7.847 0.000 Accepted
H2c 14.0T-OC — SPEP 0.097 0.098 0.136 0.710 0.239 Rejected
H2d 14.0T-OC — SPSP —-0.011 —-0.011 0.166 0.068 0.473 Rejected
H2e 14.0T-OC — SPENVP —-0.005 —-0.003 0.126 0.037 0.485 Rejected
H2f 14.0T-MC — SPEP 0.158 0.157 0.139 1.138 0.128 Rejected
H2g 14.0T-MC — SPSP 0.299 0.306 0.148 2.020 0.022 Accepted
H2h 14.0T-MC — SPENVP 0.231 0.225 0.108 2.131 0.017 Accepted
H3a 14.0T-OC x CEMi — SPEP 0.035 0.046 0.121 0.289 0.386 Rejected
H3b 14.0T-OC x CEMi — SPSP -0.038 —-0.026 0.167 0.227 0.410 Rejected
H3c 14.0T-OC x CEMi — SPENVP 0.173 0.187 0.108 1.611 0.054 Marginal
(exploratory)
H3d 14.0T-MC x CEMi — SPEP 0.177 0.164 0.134 1.319 0.094 Marginal
(exploratory)
H3e 14.0T-MC x CEMi — SPSP 0.111 0.101 0.165 0.676 0.249 Rejected
H3f 14.0T-MC x CEMi — SPENVP —-0.026 —0.038 0.110 0.231 0.409 Rejected

Abbreviations: CEMI, circular economy practices-micro level; 14.0T-OC, industry 4.0 technologies-operational capability; 14.0T-MC, industry 4.0 technologies-managerial capability;
SPEP, sustainable performance-economic performance; SPSP, sustainable performance-social performance; SPENVP, sustainable performance-environmental performance.
Note: Effects with p-values between 0.05 and 0.10 are reported as ‘Marginal (exploratory)’ and interpreted cautiously in the text.

Table 7
Mediation analysis.
Path Path coefficient Sample mean Standard deviation T values P values Decision “accept/reject”
)] D (STDEV)
CEMi — 14.0T-OC — SPEP 0.047 0.048 0.069 0.687 0.246 Rejected
CEMi — I4.0T-OC — SPSP —-0.005 —-0.007 0.084 0.066 0.474 Rejected
CEMi — I4.0T-OC — SPENVP —-0.002 —-0.002 0.063 0.035 0.486 Rejected
CEMi — 14.0T-MC — SPEP 0.082 0.083 0.075 1.100 0.136 Rejected
CEMi — I4.0T-MC — SPSP 0.156 0.163 0.085 1.844 0.033 Accepted-Partial Mediation
CEMi — I4.0T-MC — SPENVP 0.121 0.119 0.061 1.983 0.024 Accepted-Partial Mediation

Abbreviations: CEMi, circular economy practices-micro level; 14.0T-OC, industry 4.0 technologies-operational capability; 14.0T-MC, industry 4.0 technologies-managerial capability;
SPEP, sustainable performance-economic performance; SPSP, sustainable performance-social performance; SPENVP, sustainable performance-environmental performance.

Table 8
Coefficients of determination (R?) and predictive relevance (Q?) of endogenous
constructs.

Variables R-square (R?) Predictive relevance (Q?)
CEMi - -

14.0T-OC 0.237 0.215

14.0T-MC 0.272 0.250

SPEP 0.274 0.126

SPSP 0.258 0.158

SPENVP 0.392 0.301

Note: R? values indicate the explanatory power of the structural model, while Q? values
greater than zero indicate predictive relevance.

R® must be > 0.19.

Q? must be > 0.

4.4.1. Direct effect of CE on SP

Interview evidence shows how CE practices reshape organizational
processes and support sustainability outcomes. Interviewees described
how practices such as resource recovery, eco-design, and reverse lo-
gistics reorganize production and recovery processes by restructuring
material flows and operational routines. In particular, remanufacturing
and resource recovery were emphasized as mechanisms that reduce
reliance on virgin materials while preserving asset value through reuse
and rebuilding. As one expert explained, “It enhances economic, social,
and environmental performance because we are talking about new
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ways of generation, reduction, resource recovery, and remanufactur-
ing.” (E5).

Beyond process reconfiguration, CE implementation was also de-
scribed as altering employment structures within organizations. Several
interviewees highlighted that CE practices shift labor demand away
from waste disposal activities toward recycling, remanufacturing, and
material recovery functions. This transition was associated with the
creation of new roles and skills related to circular operations. As
one participant noted, “Different types of jobs are being created, for
instance, facilitating material exchange. There is also a shift from jobs
dealing with waste to those focused on managing recyclable materials”.
(E4)

Environmental benefits were further described as emerging from
improved material efficiency and reduced extraction requirements,
particularly in resource-intensive sectors. Interviewees emphasized that
CE practices contribute to waste reduction, pollution prevention, and
improved community well-being. Two experts underscored these envi-
ronmental and social contributions, noting that “The circular economy
creates green jobs and new mobile jobs, such as recycling activities,
particularly benefiting minority groups. It also improves community
health by reducing pollution from waste incineration” (E8). Another
expert highlighted the material savings associated with remanufactur-
ing, stating that “From an environmental perspective, we can save up to
85% of global metal resources; only about 15% of the machine’s weight
needs to be added when it is rebuilt”. (E7)
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In addition to these direct effects, interviewees explained that CE
practices often increase the need for data visibility and process coor-
dination, thereby stimulating the development of digital capabilities.
CE initiatives such as closed-loop production, remanufacturing, and
real-time waste monitoring were described as necessitating or accel-
erating the deployment of digital solutions. These solutions enhance
operational efficiency and data transparency while encouraging orga-
nizations to invest in more strategic digital capabilities that support
the management and coordination of circular activities. These insights
reinforce the quantitative findings by showing that CE practices support
SP through resource efficiency, organizational restructuring, workforce
transformation, and digital capability development.

4.4.2. Mediating role of I4.0 technologies in the CE-SP relationship

Qualitative findings explain why I4.0 technologies do not consis-
tently mediate the CE-SP relationship. Interviewees emphasized that
the effectiveness of 14.0 technologies depends less on their mere pres-
ence and more on the extent to which they are meaningfully integrated
with CE initiatives. In particular, operational 14.0 capabilities such
as sensors, automation systems, and decentralized process controls
were often described as insufficiently aligned with circular practices,
which limits their ability to translate CE initiatives into measurable
sustainability outcomes.

Thematic analysis revealed several interrelated structural and or-
ganizational barriers that constrain the mediating potential of 14.0
technologies. These include fragmented and siloed technology imple-
mentation, limited digital readiness and workforce capability gaps, and
weak alignment between operational data outputs and sustainability
performance indicators. As one expert noted, “High investment costs
and uncertainty around return on investment remain key challenges”
(E1), while another explained that “In most cases, we don’t know how
to measure performance, for example, how to assess improvements
before and after the adoption of a new technology”. (E3)

Further insights revealed that even when digital technologies are
adopted, they are often underutilized due to misalignment with CE
goals and insufficient skills. Interviewees described situations in which
data are collected but not used for optimization, and where the com-
plexity of technologies used for operational and predictive maintenance
requires advanced capabilities that organizations frequently lack. As
one participant explained, “When there is misalignment or misuse,
technologies may not be integrated with CE goals; for instance, data
might be collected but not used for optimization. The complexity
of technologies used for operational and predictive maintenance also
requires advanced skills, and the lack of training leads to underutiliza-
tion”. (E8)

Others emphasized that knowledge gaps, training costs, and the
time required for organizational culture to adapt represent persistent
barriers to effective integration. One expert highlighted that “Another
major barrier is the lack of knowledge. Employees often lack the
necessary expertise, and training is expensive and time-consuming. It
takes time for organizational culture to evolve and fully integrate these
technologies and practices” (E9), while another noted that “Most of the
time, achieving a positive impact requires investing in determining new
ways of doing things that can generate benefits over time”. (E10)

In contrast to operational capabilities, interviewees indicated that
managerial 14.0 capabilities exhibit greater potential to mediate the
CE-SP relationship, particularly with respect to social and environ-
mental performance. Capabilities such as strategic oversight, cross-
functional coordination, and workforce development were viewed as
essential for aligning digital initiatives with sustainability objectives.
However, the mediating role of managerial capabilities in economic
performance was described as more limited. Key inhibiting factors
included a dominant focus on short-term financial metrics, weak in-
terdepartmental collaboration, and insufficient strategic and technical
training among mid- and senior-level managers.
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These observations indicate that 14.0 adoption alone is insufficient
to enhance SP. Realizing their mediating potential requires coherent
digital strategies, sustained managerial commitment, and organiza-
tional cultures that support long-term sustainability objectives. As one
expert noted, “management buy-in and cross-departmental support”
are essential for implementation, and many firms “hesitate to change if
systems already work”, which slows adoption and limits performance
gains (E6). As one participant observed, “Firm size may also matter;
SMEs often lack the resources to scale 14.0 technologies. In some in-
dustries, particularly low-margin sectors, cost-cutting is prioritized over
innovation. Technical limitations can also pose barriers to integration
with existing systems”. (E8)

Thus, these qualitative findings reinforce the quantitative results by
indicating that operational digitalization alone is insufficient to gener-
ate meaningful sustainability outcomes unless supported by managerial
coordination, organizational readiness, and strategic alignment with
CE practices. In this sense, managerial 14.0 capabilities appear to play
a more decisive role than operational capabilities in translating CE
initiatives into SP outcomes.

4.4.3. Moderating influence of 14.0 technologies on the CE-SP relationship

Qualitative findings explain why 14.0 technologies do not consis-
tently moderate the CE-SP relationship. Interview evidence suggests
that the limited moderation effects reflect organizational, structural,
and strategic constraints rather than limited technological potential.
Interviewees emphasized that digital technologies are often imple-
mented in fragmented and compartmentalized ways, which constrains
their ability to reinforce the impact of CE practices on sustainability
outcomes.

Several experts highlighted institutional rigidity and siloed techno-
logical environments as key barriers, particularly within bureaucratic
or functionally segmented organizations. In such contexts, digital sys-
tems frequently fail to support cross-departmental data sharing and
coordinated decision-making. As one expert explained, ‘“Data structures
often fail to facilitate information sharing across departments. When
factories focus on short-term gains and quick wins instead of systematic
integration, they avoid scaling sustainable practices” (E8). In addition,
dependence on outdated legacy IT infrastructures was identified as a
major obstacle, limiting the seamless integration of real-time data into
sustainability-oriented decision-making processes.

Strategic misalignment between digital transformation initiatives
and CE objectives was also repeatedly emphasized. Interviewees noted
that digitalization and circularity are often pursued as separate agen-
das, rather than through integrated and synergistic frameworks. This
disconnect was frequently attributed to limited awareness of the long-
term benefits of CE-oriented digital integration. As one participant
observed, “There is often a lack of knowledge among people who do
not understand the long-term benefits of embedding circular economy
principles into their operations”. (E10)

Despite these constraints, interviewees cautioned that the absence
of strong moderating effects should not be interpreted as evidence of
technological ineffectiveness. Instead, they highlighted critical readi-
ness gaps in both technical and organizational dimensions that must be
addressed to unlock the moderating potential of 14.0 technologies. One
expert remarked that “If you apply the principles of circular economy
and sustainability effectively, your enterprise will add value now and
generate greater profits in the future” (E5), emphasizing the importance
of strategic alignment and long-term orientation.

To overcome the identified barriers, experts proposed several ac-
tionable strategies aimed at strengthening the moderating role of 14.0
technologies. These included the implementation of pilot CE-14.0 ini-
tiatives linked to contextually relevant sustainability key performance
indicators, which allow organizations to experiment, learn, and scale
successful practices incrementally. As one interviewee suggested, “You
can start with pilot programs and phased integration” (E1), while
another added that such approaches “It gives you a chance to identify
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opportunities and gaps; how your system, market, and customers are
performing”. (E9)

Interviewees also emphasized the need for customized, context-
specific training programs that focus on the strategic application of
14.0 technologies in circular operations. According to one expert, “By
embedding I4.0 technologies into CE workflows and upskilling workers
in both CE principles and digital tools, firms can bridge capability gaps”
(E8). In addition, participants highlighted the importance of top-down
and cross-functional collaboration frameworks to align digital transfor-
mation with sustainability and circularity goals. As one interviewee
noted, “It requires both bottom-up and top-down approaches to fully
understand and maximize the overall positive impact”. (E10)

Finally, experts underscored the necessity of developing clear in-
tegration roadmaps and change-management initiatives that communi-
cate the long-term benefits of CE-14.0 adoption and ensure
interoperability between new digital solutions and legacy systems. As
two participants explained, “One key issue is that people often don’t
fully understand what these technologies are or how they can benefit
them” (E2), and “The most important thing is ensuring that new
technologies can ‘talk’ to the old ones. Companies already have existing
systems, and they need to know how to integrate or transform these to
work with new technologies”. (E3)

Thus, these qualitative insights suggest that the moderating influ-
ence of I4.0 technologies on the CE-SP relationship depends not only on
digital investment but also on broader organizational, infrastructural,
and cultural transformations. Firms must embed CE principles into their
digital strategies and prioritize cross-departmental data integration,
strategic alignment, and workforce capability development. Accord-
ingly, the limited and context-dependent nature of the moderating
effects observed in the quantitative analysis should be interpreted with
caution.

Overall, the qualitative findings reinforce and contextualize the
quantitative results by demonstrating that the relationship between CE
practices, 14.0 capabilities, and SP depends not only on technological
adoption, but also on managerial readiness, organizational integration,
workforce capabilities, and long-term strategic alignment. The findings
further indicate that managerial 14.0 capabilities play a more critical
role than operational capabilities in translating CE initiatives into
measurable sustainability outcomes. These findings suggest that the
CE-14.0-SP relationship is shaped primarily by strategic and organi-
zational alignment rather than by technological implementation alone.
This highlights the importance of integrating technological, manage-
rial, and organizational dimensions when implementing CE and 14.0
initiatives to achieve long-term sustainability outcomes.

5. Discussion
5.1. Discussion of findings

This study examined how micro-level CE practices and I4.0-enabled
capabilities interact to shape SP across economic, social, and environ-
mental dimensions. The findings indicate that CE practices constitute
the primary driver of SP at the firm-level, while the contribution of
14.0 technologies depends on the type of capability developed and the
extent of strategic integration within the organization. These findings
challenge technologically deterministic assumptions that sustainabil-
ity improvements emerge automatically through digital technology
adoption. Instead, sustainability outcomes depend on firms’ ability to
strategically integrate digital capabilities within broader circular trans-
formation processes [3,7,11]. From a DCT perspective, this indicates
that the value of 14.0 technologies lies not in technological possession
itself, but in firms’ capacity to align, reconfigure, and deploy digital
resources in support of sustainability-oriented objectives [16]. From a
sustainable technology perspective, 14.0 contributes to sustainability by
enabling firms to coordinate and scale CE practices more effectively.
Thus, the findings support a capability differentiation perspective in
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which operational and managerial capabilities contribute differently to
sustainability outcomes.

CE practices, particularly eco-design, recycling, remanufacturing,
and environmental management systems, were found to substantially
strengthen economic, social, and environmental dimensions of SP. This
finding aligns with prior empirical studies demonstrating that circular
strategies enhance resource efficiency, reduce waste generation, and
improve organizational sustainability outcomes [10,38,74]. However,
the findings extend CE literature by showing that circular practices re-
main the primary drivers of sustainability performance even in digitally
intensive environments. While recent studies increasingly emphasize
the transformative role of 14.0 technologies in sustainability transitions
[9,75], the current findings suggest that digitalization alone is insuf-
ficient to generate substantial sustainability gains in the absence of
strategically embedded CE practices. This finding positions CE practices
as the foundation of sustainability transformation at the micro-level. By
embedding circular principles early within product and process design,
firms are able to create value while simultaneously addressing envi-
ronmental protection and social responsibility objectives. Qualitative
insights further indicate that resource recovery and closed-loop systems
preserve asset value and reduce reliance on virgin materials, reinforcing
the core principles of CE implementation.

Beyond their direct effects on SP, CE practices also enable the
development of 14.0 capabilities. Firms implementing circular initia-
tives were more likely to develop both operational and managerial
digital capabilities, indicating that circular practices generate demand
for digital solutions that enhance data visibility, coordination, and per-
formance monitoring. This finding is consistent with research showing
that circular production systems rely on digital infrastructure to support
transparency and traceability [35,76]. Accordingly, CE practices act
as catalysts for digital transformation rather than passive beneficiaries
of technology adoption. From a DCT perspective, CE implementation
stimulates organizational coordination and capability development in
support of sustainability transformation.

Although digital technologies such as Al, cloud computing, and the
IoT were widely adopted, their direct contribution to SP was limited.
Managerial 14.0 capabilities, including strategic oversight, data-driven
decision-making, and workforce development, positively influenced so-
cial and environmental performance, whereas operational capabilities
focused on automation and process control did not yield significant sus-
tainability gains. This pattern supports prior research showing that dig-
ital technologies deliver performance benefits only when strategically
aligned and orchestrated through higher-order managerial capabilities
[11,16].

However, the findings also partially diverge from prior studies
reporting consistently positive effects of 14.0 adoption on sustainabil-
ity performance. One possible explanation is that firms often adopt
digital technologies primarily for efficiency-driven operational opti-
mization rather than for the strategic reconfiguration of organizational
processes required to support sustainability-oriented transformation.
Consequently, operational digital capabilities may improve process ex-
ecution without substantially reshaping organizational decision-making
or circular business model integration.

The differentiated roles of operational and managerial capabili-
ties further clarify the organizational mechanisms through which CE
practices are translated into sustainability outcomes. Managerial 14.0
capabilities partially mediate the relationship between CE practices
and social and environmental performance, whereas operational ca-
pabilities do not exhibit a significant mediating role. This suggests
that circular practices and managerial digital capabilities operate as
complementary mechanisms supporting sustainability transformation.
By contrast, operational technologies implemented in isolation lack
the governance and coordination capacity required to translate CE
initiatives into meaningful sustainability improvements [7,77].

More importantly, the non-significant mediating role of operational
14.0 capabilities should not be interpreted merely as an unsupported
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hypothesis, but as a theoretically meaningful finding. Operational 14.0
capabilities, such as automation, monitoring, process control, and real-
time data capture, primarily enhance the execution and optimization
of existing routines. However, these capabilities do not necessarily
enable firms to reinterpret sustainability priorities, redesign organi-
zational processes, or strategically reconfigure resources around CE
principles. From a DCT perspective, operational 14.0 capabilities are
more closely associated with routine and execution-oriented functions
because they primarily support efficiency, monitoring, and process
optimization rather than higher-order strategic transformation. Their
limited mediating role, therefore, suggests that operational digitaliza-
tion alone may be insufficient to translate CE practices into measurable
sustainability outcomes at the firm-level. Instead, sustainability trans-
formation appears to depend more strongly on managerial capabilities
that support strategic alignment, cross-functional coordination, organi-
zational learning, and resource orchestration. This finding represents
an important theoretical contribution by challenging the assumption
that operational digitalization automatically generates sustainability
benefits. Rather, the findings indicate that the CE-I4.0-SP relationship
depends less on the presence of operational technologies and more on
firms’ ability to strategically align and orchestrate digital resources in
support of circular practices.

The generally weak and context-dependent moderating effects of
14.0 capabilities challenge technologically deterministic views of digital
transformation. Although 14.0 technologies are increasingly prevalent,
their deployment is often driven by short-term efficiency or cost-
reduction objectives rather than long-term sustainability strategies
[78]. As a result, digital tools are frequently implemented in frag-
mented ways, limiting their ability to amplify the effects of CE practices
on SP. Rather than indicating technological ineffectiveness, these find-
ings highlight the importance of organizational context and strategic
alignment in shaping sustainability outcomes [3,79].

These findings suggest that 14.0 capabilities function more strongly
as organizational enabling mechanisms than as direct boundary con-
ditions strengthening CE-SP relationships across firms. From a DCT
perspective, the limited moderation effects may reflect the integrated
and context-specific nature of sustainability transformation processes.
Digital capabilities can support coordination, monitoring, and strategic
adaptation. However, their effectiveness likely depends on implemen-
tation quality, organizational readiness, and alignment with broader CE
principles. Consequently, the sustainability benefits of 14.0 capabilities
may emerge more consistently through managerial integration than
through direct interaction effects.

Qualitative insights help explain why, despite strong direct effects,
the mediating and moderating effects observed in the quantitative
analysis were limited. Specifically, they reveal persistent organiza-
tional and structural barriers, including high implementation costs,
skills shortages, limited digital readiness, and weak cross-functional
coordination. In many cases, firms prioritized operational efficiency
over systemic sustainability transformation, resulting in underutilized
or poorly integrated digital systems. Without clear sustainability ob-
jectives, adequate training, and coherent governance structures, digital
technologies were unable to deliver substantial sustainability benefits,
particularly in resource-constrained organizational contexts [3,14,79].

Thus, achieving SP requires an integrated capability-based ap-
proach in which CE practices provide the strategic foundation and 14.0
technologies offer complementary value. In the absence of strategic
alignment, managerial readiness, and organizational integration, digital
transformation alone is unlikely to generate significant sustainability
improvements. By clarifying the contingent role of digital technologies
and highlighting the central importance of CE practices, this study
strengthens the understanding of sustainable digital transformation at
the micro-level and provides a solid basis for the implications discussed
in the following subsection.
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5.2. Implications

5.2.1. Theoretical implications

This study advances the growing body of research on the CE-14.0
nexus by providing a more nuanced and capability-based explanation
of how sustainability performance emerges at the micro-level.

First, the study contributes to the literature by empirically validat-
ing the interrelationships between CE practices, 14.0-enabled capabili-
ties, and sustainability performance within a unified framework. While
prior studies often examine CE practices and 14.0 technologies sepa-
rately, the present study shows that sustainability outcomes depend
on the interaction between circular practices and organizational digital
capabilities.

Second, the findings refine existing research on the CE and I4.0
relationship by challenging technologically deterministic assumptions
in sustainable digital transformation literature. In relation to RQ1,
the findings confirm that CE practices remain the primary drivers
of economic, social, and environmental performance at the micro-
level. Although prior studies report positive sustainability effects from
14.0 adoption, the findings suggest that digital technologies alone do
not automatically improve sustainability performance. In relation to
RQ2, the contribution of 14.0 technologies depends on the capability
type and strategic integration within the organization. Specifically,
managerial 14.0 capabilities contribute directly to social and environ-
mental performance, whereas operational capabilities exhibit limited
influence. Furthermore, regarding RQ3, the limited moderating ef-
fects indicate that digital capabilities do not uniformly strengthen
the CE-SP relationship across organizational contexts. These findings
help explain inconsistencies in prior empirical research by highlighting
the importance of managerial readiness, strategic orchestration, and
organizational alignment in sustainable digital transformation.

Third, the study advances CE-14.0 research by developing a capa-
bility differentiation perspective that distinguishes between operational
digital capabilities and managerial orchestration capabilities. This dis-
tinction is important because prior CE-14.0 studies have often treated
digital capability as a homogeneous construct or have focused primarily
on technology adoption. The present findings show that these capability
types are not theoretically or empirically equivalent: operational 14.0
capabilities mainly support execution, monitoring, and process effi-
ciency, whereas managerial 14.0 capabilities enable strategic alignment,
coordination, and resource reconfiguration. This explains why firms
with similar digital technologies may achieve different sustainability
outcomes.

Lastly, the study contributes to DCT and RBV by clarifying that
sustainability performance depends not merely on the possession of
digital resources, but on the managerial capability to orchestrate those
resources in support of CE practices. In this sense, managerial 14.0
capabilities operate as dynamic orchestration capabilities that translate
circular practices into social and environmental performance improve-
ments. This extends DCT within the CE-14.0 domain by showing that
not all digital capabilities function as dynamic capabilities; rather,
dynamic value emerges when managerial capabilities strategically in-
tegrate, align, and reconfigure operational digital resources toward
sustainability transformation.

5.2.2. Practical implications

The findings of this study provide several important implications
for managers and policymakers seeking to enhance sustainability per-
formance through CE and digital transformation initiatives.

First, since CE practices demonstrated the strongest and most consis-
tent effects on economic, social, and environmental performance, man-
agers should prioritize circular strategies such as eco-design, resource
recovery, remanufacturing, and environmental management systems
as the foundation of sustainability transformation rather than viewing
digitalization as a standalone solution.
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Second, the findings indicate that 14.0 technologies generate sus-
tainability value primarily when supported by managerial digital readi-
ness and strategic orchestration capabilities. Managers should therefore
move beyond technology acquisition-oriented approaches and invest
in higher-order managerial capabilities, including data-driven decision-
making, cross-functional coordination, digital governance, workforce
training, and sustainability-oriented leadership. Without these capabil-
ities, digital technologies are likely to generate a limited sustainability
impact.

Third, the limited moderating effects observed in the study suggest
that many firms continue to implement 14.0 technologies primarily
for operational efficiency and cost reduction rather than for long-term
sustainability transformation. Managers should therefore align digital
investments with broader CE objectives, organizational sustainability
strategies, and performance management systems to ensure that dig-
ital transformation initiatives contribute to meaningful sustainability
outcomes.

Finally, the findings provide important implications for policy-
makers and industrial support agencies. Since sustainability gains de-
pend heavily on organizational readiness and managerial capability
development, policy interventions should extend beyond technology
diffusion and financial incentives alone. Policymakers should sup-
port integrated capability-building initiatives focused on digital skills
development, sustainability-oriented leadership, organizational readi-
ness, and cross-sector collaboration, particularly for SMEs and firms
operating in resource-constrained environments.

Overall, the study highlights that effective sustainable digital trans-
formation depends not only on technological adoption, but also on
firms’ ability to strategically integrate and orchestrate digital capabili-
ties within broader CE transformation processes.

6. Conclusion, limitations, and future research directions

This study examines how CE practices shape SP and how I4.0 ca-
pabilities influence this relationship at the micro-organizational level.
Using a sequential mixed-methods design combining survey data from
138 firms with 10 semi-structured expert interviews, the study provides
empirical evidence on the CE-I4.0-SP nexus. The findings confirm
that CE practices constitute the primary drivers of economic, social,
and environmental performance at the firm-level. The results further
demonstrate that managerial 14.0 capabilities partially mediate the
relationship between CE practices and SP, especially for social and
environmental dimensions, highlighting the importance of strategic
alignment and data-driven decision-making in supporting circular ini-
tiatives. In contrast, operational 14.0 capabilities do not generate signif-
icant sustainability gains when implemented in isolation. Moreover, the
moderating effects of both operational and managerial 14.0 capabilities
on the CE-SP relationship are weak, marginal, and context-dependent.
Thus, these results challenge technology-deterministic assumptions and
underscore that SP at the micro-organizational level depends primar-
ily on CE practices and the effective strategic integration of digital
capabilities within circular transformation processes.

The study advances CE-I4.0 literature by distinguishing between
operational and managerial 14.0 capabilities within the CE-SP nexus
at the micro-level. While prior research has frequently treated digital
capability as a homogeneous construct or focused primarily on tech-
nology adoption, the present study demonstrates that managerial 14.0
capabilities appear to play a more significant role in translating CE
practices into sustainability outcomes. Specifically, managerial capabil-
ities associated with strategic alignment, organizational coordination,
and data-driven orchestration appear to contribute more strongly to
sustainability transformation than operational capabilities focused pri-
marily on process execution and monitoring. In doing so, the study
extends DCT by explaining how different digital capabilities contribute
unevenly to sustainability transformation. These findings are further re-
inforced by qualitative evidence showing that misalignment, capability
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gaps, and fragmented implementation constrain the effectiveness of op-
erational digitalization. The findings further suggest that digital capa-
bilities contribute more effectively to CE outcomes when supported by
organizational readiness, managerial integration, strategic alignment,
implementation quality, and sufficient levels of digital maturity.

Despite these contributions, several limitations suggest directions
for future research. The cross-sectional design limits insights into how
CE-14.0-SP relationships evolve, indicating the need for longitudinal
or case-based studies. In addition, the study relied on self-reported
and single-respondent survey data, which may introduce perceptual or
common method bias despite the procedural and statistical remedies
employed. Future research could incorporate multiple informants or
objective performance indicators to strengthen causal inference and
reduce method-related bias. Furthermore, the use of purposive and
snowball sampling may limit the statistical generalizability of the find-
ings across industries and institutional contexts. In addition, although
the study examined complex mediating and moderating relationships,
the possibility of endogeneity and reciprocal relationships between CE
practices, 14.0 capabilities, and SP outcomes cannot be fully excluded.

Moreover, the weak moderation effects may reflect the contextual
complexity of detecting interaction effects across organizations with
varying levels of digital maturity and sustainability readiness. Future
research should examine the individual and combined effects of spe-
cific CE practices and I4.0 technologies, as well as the organizational
conditions under which 14.0 capabilities strengthen CE-SP relation-
ships. Extending the analysis to meso- and macro-level contexts would
provide a broader understanding of CE-led digital transformation and
its sustainability implications. Future studies could adopt longitudinal,
multi-respondent, and cross-country designs to examine the evolution
of digitally enabled CE capabilities across institutional contexts.
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Table A.1
Description of constructs and measurement items.
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Constructs Subconstructs

Items

Code

References

Environmental
Management
Systems (EMS)

Circular Economy (CE)
practices- Micro

Environmental-
related Customer
Cooperation (ECC)

Eco-design (ED)

Green Investment
Recovery (GIR)

- Total quality environmental management*(Is the
process of implementing quality management
standards and principles in those manufacturing
procedures and processes that directly impact the
quality of the environment)

- Environmental compliance and auditing programs
- Pollution prevention programs

- Generation of environment reports for internal
evaluation purposes

- Incorporation of environmental factors in internal
performance evaluation systems

- Cooperation with customers for eco-design*(Is an
approach to designing products and services that
considers the effect on the environment at every stage
of development and throughout the product’s life)
- Cooperation with customers for cleaner
production*(Is the continuous application of an
integrated preventive environmental approach to
products, services, and processes to increase overall
efficiency and reduce risks to humans and the
environment)

- Cooperation with customers for green packaging

- Cooperation with customers for using less energy
during product transportation

- Design of products to reduce materials and energy
consumption

- Design of products for reuse, recycling, and recovery
of materials

- Design of products to avoid or reduce the use of
hazardous products

- Design of processes for minimization of waste

- Recycling system for used and defective products

- Collection and recycling end-of-life products and
materials
- Sale of scrap and used materials at regular intervals

CEMi-EMS-1

CEMi-EMS-2
CEMi-EMS-3
CEMi-EMS-4
CEMi-EMS-5

CEMi-ECC-1

CEMi-ECC-2

CEMi-ECC-3
CEMi-ECC-4

CEMi-ED-1

CEMi-ED-2

CEMi-ED-3

CEMi-ED-4
CEMi-GIR-1

CEMi-GIR-2

CEMi-GIR-3

Kamble and
Gunasekaran
[31]; Zhu et al.
[32]

Industry 4.0 (14.0)
technologies

Operational
Capability (OC)

Managerial
Capability (MC)

- Using the technology/technologies in your
organization for information systems management to
handle semi-structured and unstructured data

- Using the technology/technologies in your
organization to extract insights from available data to
aid in root cause analysis and continuous
improvement for the workflow

- Using the technology/technologies in your
organization for visualization techniques (such as
graphing, diagramming, or video) used to assist users
or decision-makers in understanding complex
information

- Using the technology/technologies in your
organization to utilize full real-time capability

- Using the technology/technologies in your
organization for virtualization and decentralization of
decision-making

- Using the technology/technologies in your
organization to assess real-time data and information
for better decision-making in your organization

- Using the technology/technologies in your
organization to have a good infrastructure and
facilities to support analytics

- Using the technology/technologies in your
organization for training programs regularly to ensure
that analysts employed by different functional
departments are always up to date on analysis
techniques that contribute to effective decision-making
for your organization

- Enforcing adequate plans for the utilization of
Industry 4.0 (I14.0) technologies in your organization
- Constantly monitoring the performance of the
Industry 4.0 (I4.0) function in your organization

- Frequently adjusting Industry 4.0 (I4.0) plans to
better adapt to changing conditions in your
organization

14.0T-OC-1

14.0T-OC-2

14.0T-OC-3

14.0T-0C-4

14.0T-OC-5

14.0T-MC-1

14.0T-MC-2

14.0T-MC-3

14.0T-MC-4

14.0T-MC-5

14.0T-MC-6

Riggs et al. [33];
Sangpetch and
Ueasangkomsate
[34]; Sahoo

et al. [80];
Belhadi et al.
[81]
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Table A.1 (continued).

Green Technologies and Sustainability 4 (2026) 100441

Constructs Subconstructs Items Code References

Sustainable Performance Reduction (RED) - Decreased cost of material purchased SPEP-RED-1 (Riggs et al.

(SP) - Economic [33]; Ghaithan

Performance et al. [82];

- Decreased cost of production SPEP-RED-2 Sangpetch and
- Decreased cost of energy consumption SPEP-RED-3 Ueasangkomsate
- Decreased spending on water and sewage treatment SPEP-RED-4 [34]; Kamble
- Decreased rejection and rework costs SPEP-RED-5 and Gunasekaran
- Decreased lead time*(Is the time it takes to SPEP-RED-6 [31]; Belhadi
complete a process/task/project, from the internal et al. [81];
workflows to scheduling deliverables) de Sousa Jabbour
Growth (GRO) - Improved quality of products SPEP-GRO-1 et al. [2]
- Improved return on investment SPEP-GRO-2
- Increased profits SPEP-GRO-3
- Increased Sales SPEP-GRO-4
Sustainable Performance Employees and - Improved employee training and education SPSP-EHR-1
(SP) - Social Performance Human Rights
(EHR)/ Employees
- Improved employee health and safety SPSP-EHR-2 Riggs et al. [33];
- Improved labor relations SPSP-EHR-3 Sangpetch and
- Improved awareness and production of the claims SPSP-EHR-4 Ueasangkomsate
and rights of people in the community served [34]; Kamble
Work Environment - Improved working conditions SPSP-WE-1 and Gunasekaran
(WE) [31]; Belhadi
- Improved investments in social projects (education, SPSP-WE-2 et al. [81];
culture, sports) de Sousa Jabbour
- Decreased the number of accidents SPSP-WE-3 et al. [2]; Cheng
Stakeholders and - Improved the relations with the community SPSP-SR-1 et al. [74]
Relationships
(SR)/Stakeholders
- Improved the overall stakeholder welfare SPSP-SR-2
- Improved engagement with stakeholders SPSP-SR-3
- Improved customer satisfaction SPSP-SR-4
- Decreased the number of customer complaints SPSP-SR-5

Sustainable Performance Reduction Waste - Reduced solid waste generation SPENVP-RW-1

(SP) -Environmental (RwW) (Riggs et al.

Performance [33]; Sangpetch

- Reduced liquid waste generation SPENVP-RW-2 and
Reduction of - Reduced air emission/releasing pollutants SPENVP-RE-1 Ueasangkomsate
Emissions (RE) [34]; Aldrighetti
- Reduced greenhouse gas emissions SPENVP-RE-2 et al. [83];
- Reduced emissions of polluting gases SPENVP-RE-3 Kamble and
Improvement - Improved the environmental situation of your SPENVP-IE-1 Gunasekaran
Efficiency (IE) organization [31]; Belhadi
- More efficient use of natural resources SPENVP-IE-2 et al. [81];
- Reduced energy consumption SPENVP-IE-3 de Sousa Jabbour
-Reduced consumption of hazardous/harmful/toxic SPENVP-IE-4 et al. [2]
materials
- Reduced frequency of environmental accidents SPENVP-IE-5
References [9] Sandra Matarneh, Arsalan Zahid Piprani, Riwan Matloob Ellahi, Diep Ngoc
Nguyen, Trang Mai Le, Sajid Nazir, Industry 4.0 technologies and circular econ-

[1]1 Wojciech. Czekata, Jedrzej Drozdowski, Piotr Labiak, Modern technologies for omy synergies: Enhancing corporate sustainability through sustainable supply
waste management: a review, Appl. Sci. 13 (8847) (2023). chain integration and flexibility, Environ. Technol. Innov. 35 (2024) 103723.

[2] Ana Beatriz Lopes de Sousa Jabbour, Charbel Jose Chiappetta. Jabbour, Tsan- [10] Than’a Alsaoudi, Adolf Acquaye, Vikas Swarnakar, Malik Khalfan, Exploring
Ming Choi, Hengky Latan, ‘Better together’: evidence on the joint adoption of the intersection of Industry 4.0 technologies, circular economy, and sustainable
circular economy and Industry 4.0 technologies, Int. J. Prod. Econ. 252 (2022) performance: A systematic literature review and future research directions,
108581. Heliyon 11 (2025).

[3] Valerio Elia, Maria Grazia Gnoni, Fabiana Tornese, Integrating circular economy [11] Karl S.R. Warner, Maximilian Wiger, Building dynamic capabilities for digital
and sustainability assessment on the micro-level: An umbrella review, Sustain. transformation: An ongoing process of strategic renewal, Long Range Plan. 52
Prod. Consum. (2024). (2019) 326-349.

[4] Adriana Neligan, Rupert J. Baumgartner, Martin Geissdoerfer, Josef-Peter [12] Jan Drofenik, Tine Seljak, Zorka Novak Pintari¢, A multi-level approach to cir-
Schoggl, Circular disruption: Digitalisation as a driver of circular economy cular economy progress: Linking national targets with corporate implementation,
busines's mode'ls, Bus. Strat. Environ. 32 (2023) 1175—11'88. J. Clean. Prod. 493 (2025) 144902.
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