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Abstract

Background: Digital twin technology (DTT) is increasingly proposed as an enabler of sustainability in supply
chain management, but the evidence remains fragmented, conceptually dominated, and geographically uneven. The
Gulf Cooperation Council (GCC) is under-represented in the peer-reviewed literature despite national strategies
that place digital infrastructure and environmental performance at the center of industrial policy.

Objectives: This review maps DTT application domains and sustainability outcomes in sustainable supply chain
management (SSCM), appraises the strength of the underlying evidence, identifies the barriers and enablers shaping
GCC adoption, and sets out the research needed to advance the field.

Methods: A critical, theory-informed integrative review was conducted across six databases for the period 2017 to
2026, complemented by backward snowballing. Eleven anchor studies, ten GCC-situated and one non-region-specific
comparator, were appraised against four criteria: empirical basis, sustainability measurement, attribution to DTT,
and regional relevance. Dynamic capabilities theory, the resource-based view, and institutional theory structure the
interpretation.

Results: Field-validated sustainability gains directly attributable to DTT were not identified among the studies
examined. Most claims are conceptual, review-based, or case-descriptive, and GCC evidence concentrates at early
maturity levels within a limited range of sectors and countries. Recurrent barriers include infrastructure limitations,
immature data governance, workforce skill gaps, high adoption costs, and regulatory uncertainty. The review
develops an integrative framework linking DTT capabilities to environmental, operational-economic, and social
outcomes through four mechanisms, derives six testable propositions, and contributes a five-level maturity model, a
readiness self-assessment instrument, and a phased GCC implementation roadmap.

Conclusions: DTT should be regarded as a promising but not yet empirically substantiated enabler of sustainable
supply chain transformation. Longitudinal, comparative, and field-based research is required to demonstrate
attributable environmental, operational, and social impacts.
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1. Introduction

Over the past decade, global supply chains have undergone a transformative shift driven by digitalization, sustainability
imperatives, and intensifying systemic uncertainty. The COVID-19 pandemic, geopolitical tensions, and climate-related
disruptions exposed structural vulnerabilities in conventional supply chains and accelerated demand for more agile,
predictive, and sustainable operations [1]. Within this context, digital twin technology (DTT) has emerged as one of
the most strategically significant innovations of the Industry 4.0 era.

A digital twin is a dynamic virtual replica of a physical system (an asset, process, facility, or entire supply chain)
that enables real-time, data-driven monitoring, simulation, prediction, and evidence-based decision-making [2]. Unlike
conventional simulation models that are disconnected from the systems they represent, digital twins continuously
synchronize with physical assets via Internet of Things (IoT) sensors and data streams, enabling proactive rather than
reactive management. Combined with enabling technologies such as artificial intelligence (AI), machine learning (ML),
cloud and edge computing, and blockchain, DTT provides an infrastructure for supply chain transparency, efficiency
optimization, and sustainability-performance monitoring [3, 4].

DTT is multifaceted in its relevance to sustainable supply chain management (SSCM). In transportation and logistics,
it supports route optimization, fuel minimization, and real-time carbon tracking [5]. In manufacturing, it underpins
predictive maintenance, quality control, dynamic scheduling, and circular material-flow modeling, reducing waste
and optimizing resource use [6, 7]. More broadly, DTT is argued to align operations with internationally recognized
sustainability frameworks, including the United Nations Sustainable Development Goals (SDGs) and the Triple Bottom
Line (TBL) of environmental, economic, and social performance [8, 9].

The strongest DTT evidence base is concentrated in advanced manufacturing economies, whereas the Gulf Cooperation
Council (GCC), comprising Bahrain, Kuwait, Oman, Qatar, Saudi Arabia, and the United Arab Emirates (UAE),
and the wider Middle East and North Africa region remain under-represented in the peer-reviewed literature [10].
This under-representation is consequential because GCC economies are structurally motivated to diversify beyond
hydrocarbons, mitigate environmental impacts, and build competitive industrial capacity. National strategies such as
Saudi Arabia’s Vision 2030 [11] and the UAE’s Net Zero by 2050 initiative [12] explicitly identify digital infrastructure,
industrial modernization, and environmental stewardship as priorities, and emerging work on digital supply chain
control towers shows how DTT-enabled capabilities can drive circular and regenerative supply chain intelligence in GCC
contexts [13]. Policy ambition is nonetheless tempered by uneven digital infrastructure, nascent regulatory frameworks,
skills gaps, and underdeveloped technology governance [14, 15].

1.1. Research Gap and Contribution

Existing reviews of DTT in supply chains share a recurring limitation: they tend to assume that evidence from
technologically advanced economies transfers directly to emerging-economy contexts, emphasizing aggregate technological
capability while neglecting the institutional, regulatory, and infrastructural conditions that govern adoption, and they
rarely separate empirically validated outcomes from conceptually proposed benefits. This article addresses that gap
through a critical, theory-informed synthesis that foregrounds the GCC, a region that is simultaneously among the
world’s highest per-capita emitters and among the most ambitious in digital and green industrial transformation.
The contribution is fourfold. First, the review consolidates dispersed evidence into an integrative analytical account
of DTT-enabled SSCM. Second, it develops a conceptual framework and a set of propositions that connect DTT
capabilities to sustainability outcomes through four mediating mechanisms moderated by GCC contextual factors.
Third, it introduces an evidence typology that distinguishes empirical, case-descriptive, conceptual, and review-based
claims, enabling more transparent interpretation than approaches that treat all study types as equivalent. Fourth, it
translates the synthesis into decision-support tools (a maturity model, a readiness self-assessment instrument, and a
phased implementation roadmap) that are directly relevant to GCC managers and policymakers.

1.2. Research Questions

The review is organized around five research questions (RQs). RQ1: What are the dominant application areas of DTT
in sustainable supply chain management? RQ2: Which sustainability outcomes are most frequently examined, and with
what consistency? RQ3: What is the nature and strength of the evidence (empirical, simulation-based, case-descriptive,
conceptual, or review-based)? RQ4: What barriers and enablers shape DTT adoption in the GCC and comparable
emerging-economy contexts? RQ5: What research gaps remain, and which methodological approaches are most needed
to advance the field?
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2. Review Approach

This research is a critical, integrative review rather than a systematic review. The integrative review is an established
methodology for synthesizing a fragmented and methodologically heterogeneous body of work and for generating
new conceptual structure rather than aggregating effect sizes [16, 17]. The design was chosen deliberately: the
DTT-SSCM literature and the GCC-specific literature in particular are young, dominated by conceptual and review
contributions, and too heterogeneous in design and context to support meta-analysis. The review therefore prioritizes
analytical synthesis and theory building and does not claim exhaustive or fully reproducible coverage of the field.
Relevant literature was identified through structured searches of six databases (Scopus, Web of Science, IEEE Xplore,
ScienceDirect, SpringerLink, and Google Scholar) and publisher platforms, complemented by backward snowballing from
the reference lists of key sources. Priority was given to peer-reviewed journal articles and conference papers addressing
DTT with an explicit sustainability dimension in supply chain, logistics, manufacturing, or industrial-operations settings,
published predominantly within the 2017-2026 window. Field-level reviews and bibliometric analyses were used to
characterize the broader landscape, while a smaller set of studies addressing the GCC was examined in depth as anchor
cases for the regional analysis. Because the review was conducted by a single author, screening and interpretation
were performed by that author against consistent, pre-stated relevance criteria; to mitigate selection and interpretation
bias, a subset of sources was re-screened after an interval to check consistency, and evidence claims were weighted
by design and validation status. The absence of independent dual screening and of a formal inter-rater reliability
statistic is acknowledged among the limitations of this review. The analysis is theory-informed. Three complementary
lenses structure the interpretation and the conceptual contribution: dynamic capabilities theory (DCT) [18], which
frames DTT as a means of sensing, seizing, and transforming; the resource-based view (RBV) [19], which frames DTT
combined with proprietary data as a potential source of competitive advantage; and institutional theory [20], which
frames adoption as shaped by normative, mimetic, and coercive pressures. Evidence strength was appraised qualitatively
against design-appropriate criteria (clarity of objective, appropriateness of method, coherence of analysis, and degree of
empirical validation), yielding graded judgments (strong, moderate, low—moderate, low) applied consistently throughout
the synthesis. Table 1 summarizes the scope and analytical focus of the review.

Table 1: Scope and analytical focus of the review.

Dimension Focus of this review

Review type Critical /integrative review (theory-informed synthesis); not a systematic review or meta-analysis
Technology focus Digital twins and hybrid DTT systems integrating IoT, AI/ML, and related Industry 4.0 technologies
Sustainability focus  Environmental, operational-economic, and social outcomes (energy, emissions, waste, circularity, resilience,

compliance)
Sectoral scope Supply chain, logistics, freight, manufacturing, and industrial operations
Regional lens Analytical emphasis on the GCC, interpreted against the international evidence base
Analytical lenses Dynamic capabilities theory; resource-based view; institutional theory

Evidence appraisal ~ Qualitative grading by design and validation status (strong — low)

Table 2 records the review protocol, databases, search concepts, time window, and eligibility criteria, to ensure
transparency in the identification process, while making explicit that, as an integrative review, the coverage is
selective rather than exhaustive. Table 3 specifies the structured criteria used to guide qualitative evidence-strength
judgments. The criteria are considered jointly rather than summed into a deterministic score; study design, sustainability
measurement, attribution, and contextual relevance inform the final grade, and regional relevance does not compensate
for weak empirical validation.

Table 2: Review protocol: databases, search concepts, time window, and eligibility criteria.

Element Specification

Databases consulted  Scopus; Web of Science; IEEE Xplore; ScienceDirect; SpringerLink; Google Scholar

Search concepts (“digital twin*”) AND (“supply chain” OR logistics OR manufacturing) AND (sustainab* OR “carbon”
OR “energy efficiency” OR “circular economy” OR resilience)

Time window 2017-2026, justified by the formalization of the digital-twin construct and subsequent research acceleration

Inclusion criteria Peer-reviewed journal articles and conference papers addressing DTT with an explicit supply-chain or
industrial sustainability dimension

Exclusion criteria Purely technical digital-twin papers without supply-chain or sustainability relevance; non-peer-reviewed
material

Coverage Selective and non-exhaustive (integrative design); ten GCC-situated studies and one non-region-specific

conceptual comparator were examined as eleven anchor studies, set against field-level reviews
Evidence appraisal Qualitative judgment guided by the criteria in Table 3
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Table 3: Structured guide for qualitative evidence appraisal. The indicators are considered jointly and are not additive
scoring bands.

Criterion Lower-strength indication Intermediate-strength in- Higher-strength indication
dication

Empirical basis Conceptual only Survey / case-descriptive Field deployment or longitudi-
nal data

Sustainability measurement Not measured Indirect / self-reported Quantified sustainability out-
come

Attribution to DTT Assumed Plausible but indirect Directly tested

Regional relevance Non-GCC Comparable context GCC-specific

3. The Landscape of Digital Twins in Sustainable Supply Chains

Research on DTT for sustainability has expanded rapidly but unevenly. Field-level reviews now synthesize large
corpora: a recent systematic review of digital twins in circular supply chain management consolidated more than
one hundred peer-reviewed articles and mapped thematic clusters spanning supply chain integration, Industry 4.0,
AT and circular economy, resilience, additive manufacturing, and smart-factory operations [21]. A consistent signal
across such reviews is that the literature remains dominated by conceptual and review-based work, with comparatively
few studies demonstrating field-level deployment or measured sustainability outcomes [8, 9]. A further systematic
review of digital twins in supply chains confirms rapid growth alongside persistent gaps in empirical validation [22],
and a systematic review of 124 articles on Saudi manufacturing reports that technology—sustainability relationships are
strongly moderated by supply-chain dynamism and regulatory uncertainty [23]. This landscape frames the present
synthesis: the field is conceptually rich but empirically thin, and the GCC sits at its periphery.

3.1. Application Domains (RQ1)

Across the literature, five DTT application domains recur in SSCM, together with one adjacent readiness theme.
Real-time monitoring and visibility is the most frequently described, with GCC oil-and-gas and petroleum-logistics
studies reporting DTT-enabled tracking of equipment status, process variables, and environmental-compliance metrics
[24, 25]. Predictive maintenance and asset-lifecycle management is reported mainly in manufacturing; a Saudi cement
study integrates DTT within an Industry 4.0 plan-do—check—act structure to establish closed-loop control and monitor
energy use [26], while a Saudi manufacturing review identifies predictive maintenance as a primary DTT driver [23].
Disruption management and resilience is treated as a central promise of DTT but, in the GCC-focused literature, is
addressed conceptually rather than through validated field studies or model-based theorization [27, 28]. Carbon and
emissions monitoring features prominently in energy and petrochemical contexts, where DTT is positioned as critical
to carbon-neutrality ambitions, though the associated outcomes are projected rather than measured [25, 12]. Supply
chain planning optimization is examined for the Saudi construction sector, where Al-enhanced digital twins support
scenario planning and risk modeling [29]. Finally, digital-readiness assessment, which is not a DTT application in itself,
is addressed in a Kuwaiti survey that establishes organizational baseline conditions for adoption [30].

3.2. Sustainability Outcomes (RQ2)

Sustainability outcomes cluster along the three TBL dimensions, with a pronounced environmental and operational-
economic emphasis and limited attention to social outcomes. Environmental claims center on energy efficiency, emissions
monitoring and reduction, waste minimization, and circular-economy contributions; operational-economic claims center
on resilience, process efficiency, and predictive-maintenance cost avoidance [23, 26]. Social and governance outcomes
appear only peripherally and are rarely operationalized; explicit indicators (workforce safety, skill development, job
redesign, supplier inclusion, and governance transparency) are largely absent and represent a priority for future
measurement. Critically, across the GCC-focused literature these outcomes are predominantly projected or theoretically
anticipated rather than empirically measured: within the studies examined here, field-validated and DTT-attributable
sustainability gains were not identified. This pattern mirrors the broader field, in which empirical deployment lags
conceptual development [21], and it motivates the critical assessment that follows.
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4. Critical Assessment of the Evidence (RQ3)

To interpret the evidence transparently, this section distinguishes study designs and the strength of the claims they
support, applying a simple evidence typology that separates empirical (survey or applied), case-descriptive, conceptual,
and review-based contributions. Evidence grades are qualitative judgments guided by the four criteria in Table 3
(empirical basis, sustainability measurement, attribution to DTT, and regional relevance), considered in relation to
the specific claim being assessed rather than combined as a mechanical score. Table 4 provides an overview of the
eleven anchor studies, comprising ten GCC-situated studies and one non-region-specific conceptual comparator; Table 5
maps DTT applications to sustainability indicators and assessed evidence strength; and Table 6 records the structured
critical appraisal of each anchor study. Figure 1 is a broader field-level synthesis that integrates international literature
with the anchor set and therefore should not be read as a direct summary of Table 6 alone.

Table 4: Overview of the eleven anchor studies examined: ten GCC-situated studies and one non-region-specific

conceptual comparator. Evidence strength reflects the structured critical appraisal in Table 6.

Study Country/Region Sector Design DTT application Sustainability focus Evidence
strength
[29] Saudi Arabia Construction / SC Quantitative survey  Scenario simulation; planning  Planning efficiency; risk mitiga- Moderate
optimization tion
[24] UAE Oil & gas logistics Case study Real-time monitoring; automa-  Operational efficiency; compli- Low—Moderate
tion ance
[25] Qatar Oil & gas Conceptual frame- Strategic transformation; emis- Emissions; compliance (pro- Low
work sions monitoring jected)
[14] GCC (general) Oil & gas Thematic review Barrier / readiness analysis Digital maturity; infrastructure = Low
[12] UAE Energy /  Narrative review Carbon & energy optimization — Carbon neutrality; energy (pro- Low
petrochem. jected)
[30] Kuwait Smart construction Quantitative survey  Digital-readiness assessment Adoption readiness; skills Low—Moderate
[23] Saudi Arabia Manufacturing / SC  Systematic review Predictive maintenance; re- Resilience; efficiency (synthe- Low—Moderate
silience sized)
[26] Saudi Arabia Cement manufactur- Framework applica- Closed-loop control; energy Energy reduction; waste mini- Moderate
ing tion monitoring mization
[31] Saudi Arabia General sustainabil- Multiple case study  IT-supported sustainability ini- Emissions monitoring; SDG  Low
ity tiatives alignment
[32] Abu Dhabi, UAE Petroleum  opera- Conference paper Operational excellence; sustain-  Operational sustainability; Low—Moderate
tions ability integration compliance
[28] Non-region- General supply  Conceptual frame- Al-integrated SC optimization  Resilience; agility (proposed) Low
specific chain work

As Table 5 indicates, DTT maturity in the GCC-oriented anchor set ranges from pre-adoption readiness and descriptive
monitoring to diagnostic analytics and, in projected or conceptual form, prescriptive optimization.

Table 5: Evidence matrix: DTT applications, sustainability indicators, and assessed evidence strength. Maturity levels
(L1-L5) correspond to the model in Figure 3.

Ref. Sector DTT maturity Enabling technolo- Sustainability indi- Direction of effect Strength
gies cator
[29] Construction / SC L2 - diagnostic ATI; DTT; simulation  Planning efficiency; Positive (with  Moderate
risk caveats)
[24] Oil & gas logistics L1-L2 — descriptive ~ DTT; SCADA; IoT Operational efficiency; Positive Low—Mod.
compliance
[25] Oil & gas L4 — prescriptive DTT; Al Emissions;  compli- Positive (proposed) Low
(proj.) ance
[14] Oil & gas L1 — descriptive DTT; Industry 4.0 Digital maturity Mixed — barriers dom- Low
inant

[12] Energy /  L2-L3 - diagnostic DTT; energy-mgmt Carbon neutrality; en- Positive (projected) Low
petrochem. systems ergy

[30] Smart construction Pre-L1 — readiness AI; smart tech; DTT  Digital readiness Neutral — gaps identi- Low-Mod.

fied

(23] Manufacturing / SC L3 — predictive DTT; Industry 4.0 Resilience; efficiency Positive Low—Mod.

[26] Cement manufactur- L2-L3 — diagnostic DTT; IoT; PDCA Energy reduction; Positive Moderate
ing waste

[31] General sustainabil- L1 — descriptive IT systems; DTT Emissions monitoring  Positive (general) Low
ity

[32] Petroleum  opera- L1-L2 — descriptive =~ DTT; ops-excellence  Operational sustain- Positive Low—Mod.
tions tools ability

[28] General supply L4 — prescriptive Al; DTT; optimiza- Resilience; agility Positive (proposed) Low
chain (conc.) tion
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Most studies sit at L1-L3, indicating that GCC use of DTT for supply chain and industrial sustainability remains
focused on monitoring, diagnosis, and prediction rather than fully prescriptive, closed-loop control. Reported directions
of effect are generally positive, but a substantial share are projected, proposed, or indirect rather than empirically
validated, which constrains the inferences that can be drawn.

Table 6: Structured critical appraisal of evidence strength across the studies examined, qualitatively judged against

design-appropriate criteria.

Ref. Design category Strength Key methodological strength Key limitation
[29] Quantitative survey Moderate Saudi context; correspondence analysis Cross-sectional; self-report; indirect sus-
tainability link
[24] Case-descriptive Low—Moderate  Real UAE petroleum-logistics implemen- Single case; no quantified sustainability
tation metrics
[25] Conceptual Low Comprehensive GCC oil-and-gas frame- No empirical component; claims proposed
work not demonstrated
[14] Review Low GCC barriers well documented Review-based; outcome claims second-
order
[12] Review Low UAE carbon-neutrality context articulated =~ Outcomes projected; no quantified results
[30] Quantitative survey Low—Moderate  Empirical Kuwait readiness data with di- Cross-sectional; no sustainability outcome
rect GCC relevance or DTT attribution tested
[23] Systematic review Low—Moderate  Saudi manufacturing scope; documented  Secondary evidence; digital transforma-
search protocol tion treated broadly rather than DTT
specifically
[26] Framework application =~ Moderate Applied PDCA framework in a GCC plant  Single sector; outcomes not independently
validated
[31] Multiple case study Low Saudi sustainability context established DTT focus secondary; broad IT scope
across four firms
[32] Case-descriptive Low—Moderate Real Abu Dhabi DTT deployment de- Conference paper; descriptive outcomes
scribed only
[28] Conceptual Low Integrative AI-DTT framework Entirely conceptual; no regional specificity

The appraisal in Table 6 shows a body of evidence that is mixed and predominantly low to moderate in strength.
Within the studies examined here, none provides field-validated empirical evidence of sustainability improvement
attributable to DTT; the strongest contributions are context-specific surveys and applied-framework studies, while a
large share is conceptual or review-based and therefore directional only. Accordingly, evidential weight is assigned
by design and validation status: moderate-strength studies carry the greatest weight, low—moderate studies provide
contextual support, and low-strength studies inform background interpretation and gap identification rather than
causal claims.

Figure 1 makes the unevenness explicit. The comparatively strongest evidence is moderate rather than strong and
concerns resilience and disruption management in freight logistics [22, 27] and energy-efficiency and circularity outcomes
in manufacturing [7, 8, 21, 26]. Evidence for oil-and-gas emissions monitoring and regulatory compliance remains
weak because it is largely conceptual, review-based, or case-descriptive rather than field-validated [24, 25, 12, 32].
Overall, current GCC research concentrates on operational and environmental indicators, while social sustainability
and validated circular-economy outcomes remain under-developed. The shading uses the qualitative evidence categories
described in Table 3, while the matrix incorporates field-level international evidence beyond the eleven anchor studies.

5. An Integrative Conceptual Framework and Propositions

Synthesizing the evidence through the three theoretical lenses yields the integrative framework in Figure 2. The frame-
work proposes that DTT capabilities influence supply chain sustainability outcomes through four mediating mechanisms
(operational visibility, predictive decision support, resource efficiency, and regulatory-compliance facilitation), and
that the strength of these pathways is moderated by GCC contextual factors, with a reinforcing feedback loop from
realized outcomes to further DTT investment and capability development. The mechanisms map directly onto the
dynamic-capabilities functions of sensing, seizing, and transforming: visibility and predictive support operationalize
sensing and seizing, while resource-efficiency and compliance facilitation operationalize transforming [18].
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Figure 1: Relative strength of evidence for DTT-enabled sustainability outcomes across sectors. The matrix synthesizes
field-level international literature together with the GCC-oriented anchor set, rather than Table 6 alone. Moderate
ratings are supported by the supply-chain resilience literature [22, 27] and manufacturing energy/circularity evidence
[7, 8, 21, 26]. Oil-and-gas and compliance cells remain Weak because the available evidence is primarily conceptual,
review-based, or case-descriptive [24, 25, 12, 32|. No cell is rated Strong.
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Direction of influence: DTT capabilities - mechanisms - sustainability outcomes, conditioned by GCC moderators, with a reinforcing
investment feedback loop.

Figure 2: Integrative conceptual framework of DTT-enabled sustainable supply chain management, showing four
mediating mechanisms, GCC contextual moderators, and an investment feedback loop.
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From the framework and the reviewed evidence, six propositions are advanced to guide future empirical testing. Each
emerges from the synthesized literature and the governing theory rather than from any single study, and each is framed
as a directional, testable relationship.

P1. DTT-enabled operational visibility, operationalized as real-time sensor coverage, data-refresh frequency, and
supply-chain event traceability, is positively associated with environmental performance, measured by energy intensity,
emissions intensity, and waste-reduction indicators, as continuous monitoring converts latent operational data into
actionable sustainability signals [2, 5].

P2. DTT-enabled predictive decision support, measured by forecast accuracy, disruption-detection lead time, and
scenario-simulation use, strengthens supply chain resilience and disruption management, consistent with the seizing
function of dynamic capabilities [6, 7, 27, 28].

P3. DTT-enabled resource-efficiency mechanisms, measured by energy-per-unit, material-yield, and closed-loop recovery
rates, support circular-economy outcomes in capital-intensive manufacturing [8, 26].

P4. DTT-enabled regulatory-compliance facilitation, measured by emissions-data completeness, reporting timeliness,
and audit-trail integrity, improves emissions monitoring and sustainability disclosure, particularly in energy and
petrochemical operations [25, 12].

P5. The strength of the DTT—sustainability relationships in P1-P4 is moderated by GCC contextual factors (digital-
infrastructure readiness, data-governance capacity, workforce readiness, and adoption-cost constraints), such that
weaker contextual conditions attenuate the realized sustainability effect, consistent with institutional accounts of
technology adoption [10, 14, 20].

P6. DTT contributes to sustainable competitive advantage not in isolation but when combined with complementary,
difficult-to-imitate assets (proprietary operational-data quality, mature data-governance routines, analytics capability,
and cross-functional organizational learning), since digital-twin platforms themselves can be purchased, copied, or
outsourced [13, 19].

6. GCC Implementation Perspectives (RQ4)

The GCC combines strong structural enablers (national transformation strategies, large-scale digital investment, free-
zone structures, and public—private partnership frameworks) [33] with persistent implementation constraints. Table 7
translates the reviewed evidence into barriers and policy implications across five themes. Four systemic constraints
recur: digital-infrastructure gaps in IoT connectivity and industrial data systems outside the most advanced clusters;
immature data-governance frameworks for the data-intensive requirements of DTT; substantial workforce-capability
gaps requiring combined supply chain and data-science expertise; and high upfront costs that bear most heavily on
small and medium-sized enterprises (SMEs).

Table 7: GCC implications matrix: themes, barriers, and policy recommendations derived from the reviewed evidence.

Theme GCC relevance Implementation bar- Policy / practice im- Strength
rier plication
Predictive maintenance High, manufacturing di- Skill gaps; sensor- Mandate Industry 4.0 Moderate

Emissions & carbon monitoring

Freight & SC resilience

Regulatory & governance

Workforce & digital literacy

versification is a Vision
2030 priority

Critical, among the high-
est per-capita emitters;
net-zero commitments

High, exposure to geopo-
litical, climate, and price
volatility

Critical, policy momen-
tum but underdeveloped
operational frameworks

High, competencies
needed across engineer-
ing and logistics

integration cost; legacy-
equipment incompatibil-
ity

No standardized facility-
level emissions-data pro-
tocols

Insufficient IoT infras-
tructure; limited real-
time data sharing

Fragmented regulation;
weak cross-ministry
coordination,; data-
sovereignty concerns
Shortage of combined
supply-chain and data-
science expertise

readiness  assessments;
subsidize sensor-retrofit
programs

Establish DTT-
compatible monitoring
standards aligned with
TCFD, ISSB, GRI
Invest in national freight-
data platforms; incen-
tivize DTT-compatible
tracking

Develop GCC-level in-
teroperability standards;
cross-ministerial gover-
nance committees
Embed DTT modules in
degree programs; estab-
lish industry apprentice-
ships

Low — projected

Low—Moderate

Low — review-based

Moderate — survey
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The GCC is too often treated as a single block; in practice, opportunities and constraints differ by country. Table 8
differentiates the member states analytically by interpreting the national transformation strategies and industrial profiles
outlined above and the wider regional policy context [11, 33]. The entries are author-derived analytical judgments
rather than study-level empirical findings. This differentiation sharpens the regional contribution and indicates where
DTT-enabled SSCM investment may yield comparatively early returns.

Table 8: Indicative country-level DTT opportunities, sectors, and constraints across the GCC. Entries are the author’s
analytical interpretation of the national strategies and industrial profiles reviewed in this article [11, 33] and are not
direct empirical findings.

Country Strongest DTT opportunity Main SSCM sector Principal constraint

Saudi Arabia Manufacturing, logistics, mining, Vision 2030 industrial diversifica- Skills and SME readiness
energy tion

UAE Ports, logistics, petrochemicals, Net-zero and trade infrastructure Data interoperability
smart cities

Qatar LNG, ports, construction Energy and infrastructure Sector concentration

Kuwait Construction and oil services Smart-construction readiness Adoption maturity

Oman Ports, logistics, industrial zones Regional trade and manufacturing  Scale and investment capacity

Bahrain Logistics, industrial zones, finance  Regional trade and manufacturing  Scale and investment capacity

Sequencing matters as much as investment. Figure 3 presents a five-level DTT-for-sustainability maturity model that
orders capability from descriptive monitoring (L1) to autonomous decision support (L5). The reviewed GCC evidence
concentrates at L1-L3, indicating that most applications remain focused on monitoring, diagnosis, and prediction rather
than prescriptive, closed-loop optimization; L4-L5 remain largely aspirational and are constrained by the readiness
gaps identified above.

Increasing analytical capability, autonomy, and sustainability integration —

( L5 )
/ L4 \ Autonomous

decision support
( L3 \ Prescriptive
optimization
/ L2 \ Predictive

simulation
L1 Diagnostic
analytics
Descriptive
monitoring
Passive data capture; condition tracking Historical analysis; root-cause Scenario modelling; disruption Autonomous recommendations; closed- Self-optimizing; integrated
diagnosis forecasting; RL/DES loop control sustainability/resilience
j’K ’ j’&
GCC evidence concentrated at L1-L3 (monitoring — prediction) | L4-L5 largely aspirational (readiness gaps) |

Figure 3: Five-level DTT-for-sustainability maturity model. Reviewed GCC evidence concentrates at Levels 1-3; Levels
4-5 remain largely aspirational owing to readiness gaps.

To make the maturity model actionable, Table 9 operationalizes it into an organizational readiness self-assessment
instrument. Decision-makers score six readiness dimensions on a 1-5 scale anchored to the maturity levels; the aggregate
profile indicates an appropriate DTT entry point and the prerequisites that must be resolved before advancing. The
instrument is offered as a diagnostic tool for managers and as a candidate construct set for future empirical validation,
rather than as a validated psychometric scale.
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Table 9: DTT-sustainability readiness self-assessment instrument. Dimension scores (1-5) map to the maturity levels
in Figure 3; lowest-scoring dimensions indicate priority prerequisites.

Readiness dimension

Low (score 1-2)

Moderate (score 3)

High (score 4-5)

Digital infrastructure

Data governance & interoperability

Analytics & DTT capability

Workforce & skills

Regulatory & reporting alignment

Investment & business case

Limited IoT/connectivity;
siloed systems

No data standards or own-
ership rules

Descriptive reporting only

Few data/DTT skills
No sustainability-reporting

linkage
No funded business case

Partial IoT coverage; emerg-
ing cloud use
Basic standards; limited in-
teroperability
Diagnostic/predictive pilots

Targeted training underway
Voluntary alignment (e.g.,

GRI)
Pilot-scale funding

Pervasive IoT; integrated
cloud/edge

Mature governance; cross-
system interoperability
Predictive—prescriptive,
closed-loop use
Interdisciplinary
teams in place
DTT-enabled monitoring
aligned to ISSB/TCFD
Multi-year, board-level in-

DTT

vestment

Finally, Figure 4 presents a phased GCC implementation roadmap organized around three parallel tracks (technology,
institutional /policy, and human capital), progressing from foundational readiness through pilot deployment and scaling
to region-wide integration with sustainability reporting. The phased structure indicates that DTT adoption is not a
purely technological transition but a coordinated development of infrastructure, governance, regulation, and workforce
capability; timelines are indicative and overlap by country, sector, and enterprise size. Responsibility is distributed
across actors at each phase: firms lead infrastructure and pilots; regulators and standards bodies set interoperability and
disclosure rules; universities and vocational institutions build the workforce pipeline; and public—private partnerships
underwrite SME participation [33].

Phase 1 Phase 2 Phase 3 Phase 4
Foundation Pilot deployment Scaling Integration
TECHNOLOGY loT connectivity; data systems; cloud | Dy Em d’e)ﬁ'l:’(g/mem; ENELIES PSSR ngllizne;non; aesseiz (8 Region-wide integration with reporting
INSTITUTIONAL National loT & data strategies; Interoperability governance; data Carbon-monitoring regulation; N~
2 POLICY PR e benchmarks > GCC-level sustainability governance
HUMAN P Pilot teams; data-governance - X . N X "
CAPITAL Infrastructure training; vendor partners  »| specialists P Reskilling programs; DTT curricula > Sustainability-reporting expertise

Tracks advance in parallel; firms lead infrastructure & pilots, regulators/standards bodies set rules, universities build skills, and PPPs underwrite SME
participation.

Figure 4: Phased GCC implementation roadmap for DTT-enabled sustainable supply chains across technology,
institutional /policy, and human-capital tracks.

7. Discussion, Implications, and Future Research

7.1. Theoretical and Practical Implications
Theoretically, the review contributes an integrative framework and a proposition set that connect DTT capabilities to

sustainability outcomes through specified mechanisms and GCC moderators, and an evidence typology that enables
transparent differentiation of empirical, case-descriptive, conceptual, and review-based claims.
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Through the RBV lens, DTT combined with proprietary operational data is positioned as a potential source of
competitive advantage for GCC firms pursuing diversification [13, 19]; through the institutional lens, adoption appears
driven more by normative and mimetic pressures (national strategies and benchmarking against global leaders) than
by coercive sustainability mandates, which helps explain the persistent gap between policy ambition and operational
practice [20].

Practically, the maturity model, readiness instrument, and roadmap offer sequenced guidance. Monitoring and
visibility applications (L1) in large petrochemical and manufacturing plants with established IoT infrastructure are the
appropriate entry point; predictive and prescriptive applications (L2-L4) become feasible only once data-governance,
interoperability, and skills prerequisites are met. For policymakers, priority actions include defining industrial-data
interoperability standards, developing sector-specific maturity benchmarks, establishing co-investment mechanisms to
offset SME adoption costs, and embedding DTT competencies in tertiary and vocational curricula [23, 30].

7.2. Limitations

Several limitations apply. As a critical, integrative review, the synthesis is interpretive and does not claim exhaustive or
fully reproducible coverage; a systematic review with a registered protocol would offer greater procedural transparency.
The review was conducted by a single author, so screening and appraisal were not independently duplicated and
no formal inter-rater reliability statistic is reported; consistency was instead supported by pre-stated criteria and
re-screening of a subset of sources. The restriction to English-language sources likely under-represents GCC research
published in Arabic, and the GCC-specific evidence base, though growing, remains small, which constrains the
generalizability of region-specific conclusions.

7.3. Future Research Agenda (RQ5)

Table 10 sets out a prioritized agenda. The most urgent need is longitudinal, field-based evidence capable of establishing
whether DTT investment produces durable, attributable sustainability gains; comparative and SME-focused studies,
governance-integrated research, attention to social sustainability, and validated GCC-specific maturity instruments
follow. The propositions advanced above and the readiness instrument in Table 9 provide ready starting points for the
empirical work the field now requires.

Table 10: Prioritized future research agenda for DTT-enabled sustainable supply chain management.

Research gap Why it matters Recommended method Priority
Absence of longitudinal studies mea- Cross-sectional evidence cannot es- Longitudinal case studies; panel data; Critical
suring sustainability outcomes after tablish causality or durability pre/post comparison with controls
DTT implementation
Lack of GCC vs advanced-economy Unclear which success factors are Comparative case studies; cross- High
comparison context-dependent vs universal national surveys; institutional analy-
sis
Limited evidence on SME adoption = SMEs dominate = GCC logis- Multiple-case studies; SME surveys; High
tics/manufacturing but are under- platform-as-a-service pilots
studied
Weak integration of data governance, DTT depends on trust architectures Interdisciplinary SCM-IS- High
cybersecurity, and regulation and regulatory clarity cybersecurity—policy research
Neglect of social sustainability TBL alignment requires workforce Mixed methods; worker studies; Medium
and community evidence community-impact assessment
No validated GCC-specific maturity = Decision-makers lack calibrated diag- Delphi validation; expert panels; it- Medium

framework

nostic tools

erative testing (extending Table 9)

8. Conclusion

This critical review has synthesized the literature on DTT in sustainable supply chain management with an analytical
focus on the GCC, addressing five research questions spanning application domains, sustainability outcomes, evidence
strength, regional barriers and enablers, and research gaps. DTT shows strong theoretical and growing practical
potential for addressing energy consumption, emissions, waste, disruption resilience, and operational optimization
in manufacturing, logistics, and energy-intensive sectors. Yet the evidence base is mixed and predominantly low to
moderate in strength: most contributions are conceptual, review-based, or case-descriptive, and, within the studies
examined here, none presents field-validated evidence of DTT-attributable sustainability improvement.
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Recurring structural impediments (digital-infrastructure deficits, immature data governance, workforce-skills gaps, high
adoption costs, and regulatory uncertainty) reflect a pronounced disconnect between national digital-transformation
ambition and ground-level readiness. By contributing an integrative framework, a proposition set, an evidence typology,
a maturity model, a readiness instrument, and a phased roadmap, the review offers both an interpretive account and
practical decision-support tools. Realizing DTT’s potential as a driver of sustainable supply chain transformation in
the GCC will require not only technological investment but deliberate, sustained development of institutional, human,
and governance capacity, and, above all, the empirical, longitudinal, and comparative studies needed to move the field
from theoretical promise to demonstrated impact.
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