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Abstract

This study synthesises evidence on whether, why, and under what conditions digital
technologies improve resource efficiency across multi-tier global value chains (GVCs) and
examines the theoretical adequacy of dominant explanatory lenses. Following the PRISMA
2020 protocol, we searched Web of Science, Scopus, IEEE Xplore, and ProQuest, retaining
150 articles for qualitative synthesis and 137 for bibliometric science-mapping; themes
were developed via multi-cycle coding and triangulated with co-citation and keyword co-
occurrence networks. Reported efficiency gains are strongest when firms deploy integrated
digital stacks combining IoT sensing, AI analytics, blockchain traceability, and digital twins
that jointly enable visibility, verification, and simulation-based optimisation, a pattern based
predominantly on observational and cross-sectional evidence. Outcomes are contingent
on cross-firm capability complementarities, data-governance arrangements, regulatory
congruence, and cyber-risk maturity. A key structural finding is the digital-regionalisation
paradox: stringent data-compliance demands can re-anchor sourcing within regulatory
blocs, concentrating rather than extending GVC geography. Building on these findings,
we propose three theoretical extensions, namely ecosystemic capability bundling, digital-
sustainability spillovers, and distributed eco-innovation, that advance Transaction Cost
Economics, the Resource-Based View, Dynamic Capabilities, and GVC governance theories
to better account for the sustainability and platform dimensions of contemporary digitalised
value chains.

Keywords: digital technologies; resource efficiency; global value chains; systematic
literature review; digital regionalisation; circular economy

1. Introduction
Digital transformation has moved from a strategic option to an operational imper-

ative. Meta-analyses of 3142 manufacturing plants show that firms adopting artificial
intelligence (AI), cloud platforms, and Internet-of-Things (IoT) sensors record average
productivity gains of 14 percent, yet only 6 percent realise system-wide integration, demon-
strating a persistent deployment gap between pilot projects and full-scale use (Timperi
et al., 2024). Simultaneously, global extraction of virgin materials is forecast to reach
190 billion tons by 2060, intensifying environmental pressures and exposing firms to new
regulatory and reputational risks (Huang & Zhang, 2023). Because roughly two-thirds of
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world trade now passes through global value chains (GVCs) (Zarea & Su, 2026), which are
multi-tier networks that disperse design, production, and service activities across borders
(Butollo et al., 2022; Zarea et al., 2026), any attempt to decouple growth from material
throughput must focus on the digital-resource nexus across entire value networks rather
than on isolated plants or technologies.

Digital tools promise to provide the real-time, multi-tier visibility that resource-
efficient GVCs demand. IoT-enabled energy dashboards have been shown to reduce
average electricity use in discrete manufacturing by 9 percent (Lee & Gereffi, 2021; K.
Haverila et al., 2026), while machine learning algorithms can cut raw-material scrap by up
to 17 percent through predictive process control (Silva et al., 2023). Digital twins, which are
virtual replicas populated with live process data, are emerging as a pivotal orchestration
layer, with recent experiments demonstrating significant reductions in inventory holding
costs and order-to-delivery cycles when twins are linked to supplier portals (Jackson et al.,
2024; M. Haverila et al., 2025). These studies, however, consistently fail to connect opera-
tional gains to systemic resource efficiency outcomes, leaving open how digital affordances
scale, interact, or conflict along upstream, mid-stream, and downstream tiers.

A growing stream of international business research recognises the transformative
power of digital platformisation in reshaping GVC topology, shortening chains, flattening
hierarchies, and shifting power from lead firms to data-rich intermediaries (Sanguineti et al.,
2023; Huang & Zhang, 2023; Kamali et al., 2025). Yet most empirical work treats resource
efficiency and digitalisation as parallel rather than intertwined phenomena. Reviews of
AI in operations and supply chain management still code sustainability as a peripheral
category (Agarwal, 2025), while syntheses of digital twin research prioritise resilience
over eco-efficiency metrics (Khan et al., 2022). This fragmentation means that neither
the operations literature nor the IB literature offers an integrative account of how, and
under what conditions, digital technologies translate into resource efficiency gains across
geographically dispersed, multi-governed networks.

This gap carries real costs. Recent flood and wildfire events triggered $342 billion
in supply-chain losses, and simulation studies show that climate-risk shocks propagate
faster along digitally opaque chains than along data-transparent ones (Ivanov, 2025). Mean-
while, the EU Corporate Sustainability Due-Diligence Directive (2024/1760) (Morris, 2026)
mandates auditable chain-wide environmental disclosures, effectively turning digital trace-
ability from a competitive advantage into a compliance threshold. Managers, therefore,
face twin pressures: scale digital capabilities and demonstrate measurable reductions in
material, energy, and carbon footprints throughout their chain partners. Existing theoretical
frameworks, including Transaction Cost Economics, the Resource-Based View, and classic
IB theories, were not built to explain these dynamics and are showing their limits.

Against this backdrop, this review is organised around three research questions. RQ1
asks how dominant theoretical frameworks must be extended to account for digitalisation-
driven sustainability outcomes. RQ2 asks what governance conditions and capability
configurations enable or constrain the relationship between digital technologies and re-
source efficiency in GVCs. RQ3 asks through what mechanisms specific digital technologies
generate resource efficiency gains across multiple GVC tiers, and what boundary con-
ditions shape these effects. Answering these questions collectively advances both the
scholarly understanding of digital GVCs and the practical toolkit available to managers
and policymakers navigating the sustainability-driven digital transition.
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2. Methodology
2.1. Research Design

This review combines qualitative thematic synthesis with quantitative bibliometric
science-mapping, following the PRISMA 2020 protocol (Page et al., 2021) and Tranfield
et al.’s (2003) three-stage systematic review model. This dual design is appropriate because
the digital-resource-GVC nexus spans operations management, international business, and
sustainability research, and neither a purely narrative review nor a standalone bibliometric
analysis can adequately address all three research questions. The complete record selection
and exclusion process is reported in Figure 1.

Figure 1. PRISMA 2020 flow diagram of study selection process.

2.2. Identification

Four databases were selected for their complementary disciplinary coverage: Web
of Science for high-impact multidisciplinary journals, Scopus for business and operations
research, IEEE Xplore for the digital-technology literature, and ProQuest Business Premium
for international business and trade titles. Two search waves conducted in November 2024
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and January 2025 covered a 15-year window from 2010 to 2025, capturing the post-Industry
4.0 research surge while retaining foundational theoretical work.

Keyword construction followed a five-step iterative protocol (Aria & Cuccurullo, 2017):
seed terms were extracted from seminal reviews, expanded through database thesauri and
Keywords Plus fields, validated by two senior scholars, and tested on 200 random records
targeting at least 90 percent recall and no more than 20 percent noise. A TF-IDF routine iden-
tified high-frequency omissions, adding “digital twin” and “edge computing” to the final
string. The Boolean query was applied across title, abstract, and author–keyword fields:

(“digital technolog*” OR “artificial intelligence” OR “AI” OR “internet of things”
OR “IoT” OR “blockchain” OR “digital twin*” OR “edge computing” OR “big data”
OR “cloud computing” OR “machine learning” OR “cyber-physical system*”) AND (“re-
source efficien*” OR sustainab* OR “energy efficien*” OR “waste minimization” OR “eco-
efficien*” OR “material productivity”) AND (“global value chain*” OR GVC* OR “supply
chain*” OR “international production network*” OR “cross-border operation*” OR “supply
chain management”)

2.3. Screening

As reported in Figure 1, the composite search returned 2606 records across the four
databases. After removing duplicates, titles and abstracts were independently screened by
two reviewers using PICoS eligibility criteria, retaining articles that addressed at least two
of the three focal dimensions: digital technologies, resource efficiency, and GVCs. Editorials,
dissertations, book chapters, and single-dimensional studies were excluded. Inter-rater
agreement was substantial (kappa = 0.83), with disagreements resolved through discussion.

Full-text eligibility assessment used the Mixed Methods Appraisal Tool (Hong et al.,
2018) as a standardised quality yardstick across qualitative, quantitative, and mixed-
methods studies. The minimum inclusion threshold was an MMAT score of 2 out of 5;
studies falling below this were discussed but not automatically discarded in order to
minimise publication bias.

2.4. Included

The screening process yielded a final corpus of 150 articles for qualitative synthesis
and 137 with complete citation fields for bibliometric analysis, as detailed in Figure 1. A
structured extraction spreadsheet captured bibliographic data, methodological features,
substantive variables including digital enabler, resource metric, and GVC tier, and theo-
retical anchoring. A 10 percent double-coded subsample confirmed intercoder reliability
(kappa = 0.79), exceeding the 0.75 threshold recommended for management reviews (Xiao
& Watson, 2019).

Bibliometric science-mapping covering co-citation, bibliographic coupling, and key-
word co-occurrence networks was conducted using bibliometrix and VOSviewer 1.6.20
(van Eck & Waltman, 2010). Networks were generated with a minimum citation threshold
of five, association-strength normalisation, and modularity-based clustering. Thematic
assignment to the four meta-themes was independently double-coded, with substantial
agreement (kappa = 0.77). Qualitative thematic synthesis followed Miles et al. (2014)
three-cycle coding logic, progressing from open codes to axial categories and finally to
meta-themes aligned with the three research questions. Triangulating both analytical arms
strengthens internal validity by ensuring that bibliometric patterns are interpreted with
thematic depth (Snyder, 2019). All raw data, cleaning scripts, and decision memos are
available in the OSF repository to enable external scrutiny.
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3. Findings
3.1. Intellectual Trajectory and Publication Dynamics

The corpus reveals a rapidly maturing field that has undergone significant thematic
and methodological evolution over the study period. Annual output climbed from fewer
than ten papers before 2015 to 68 articles in 2024, outpacing the growth curves reported
in earlier Industry 4.0 reviews (Zahid et al., 2025) by more than 40 percent. As reported
in Figure 2, burst-detection analysis shows that “digital twin,” “circular economy,” and
“scope-3 emissions” have dominated citation surges since 2021, signalling a clear pivot
from purely operational concerns toward carbon accounting and life-cycle analytics. This
thematic migration is consistent with the post-pandemic reorientation of supply-chain
research toward resilience and sustainability documented in independent bibliometric
audits (Baziyad et al., 2024; Attaran et al., 2024).
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Panel (C): Four distribution by research method and three main themes 
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Figure 2. Bibliometric profile of the reviewed corpus (n = 150 for subject and method panels; n = 137
for network maps). Panel (A): annual publication output, 2010 to 2025. Panel (B): distribution of
articles by subject area. Panel (C): Four distribution by research method and three main thems.
Network maps were generated in VOSviewer 1.6.20 using association-strength normalisation, a
minimum threshold of five occurrences, and modularity-based clustering. Source: Authors.
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3.2. Methodological Landscape

Although 57 percent of the papers employ survey-based quantitative designs, fewer
than one in ten adopt longitudinal or quasi-experimental approaches capable of disentan-
gling causality between digital adoption and resource efficiency gains. By contrast, the most
recent digital twin bibliometric review finds 14 percent longitudinal coverage, indicating
that the intersection of digitalisation and resource efficiency lags even adjacent sub-fields
in analytic sophistication. Qualitative work is restricted to 17 percent of the corpus, of-
ten confined to single-site case studies, while comparative multi-case or process-tracing
designs, essential for unpacking socio-technical change, remain rare. The shortage of
mixed-methods research inhibits theory elaboration on organisational capability building,
an issue repeatedly flagged in technology-management scholarship, yet still unresolved.

3.3. Geographical Distribution and Contextual Blind Spots

Sixty-eight percent of author affiliations are anchored in Europe or North America,
echoing the Global North bias noted in prior supply-chain bibliometrics (Florez-Jimenez
et al., 2025) but more pronounced than the 53 percent reported for general GVC research
(Dai et al., 2024). Paradoxically, papers originating from Africa and Latin America, which
represent fewer than fourteen percent of the total, introduce the highest share of novel
keywords at 0.43 compared to 0.18 for Global North papers, where novelty share is mea-
sured as the proportion of a paper’s author keywords that had not appeared anywhere in
the corpus in any prior year, including terms such as ‘off-grid IoT’ and ‘informal-sector
circularity’. Neglecting these contexts skews global generalisability and overlooks natural
living laboratories where leap-frog digital solutions emerge under resource constraints,
precisely the conditions most relevant to understanding how digital technologies operate
across diverse GVC tiers.

3.4. Thematic Patterns Across the Corpus

The qualitative synthesis, triangulated with co-citation and keyword co-occurrence
networks, produced four meta-themes that collectively answer the three research questions.
Before turning to these themes, Table 1 summarises the principal efficiency estimates
reported across the corpus, classified by study design and MMAT quality tier. Reading
the estimates against their designs makes clear that the largest reported gains tend to
originate from case studies and pilots, whereas panel and meta-analytic evidence yields
more modest figures, a pattern that cautions against treating the headline percentages as
directly comparable.

The first theme concerns digital technologies as orchestrators of resource flows. A
convergent body of work portrays IoT telemetry, AI-enabled predictive maintenance, and
blockchain traceability as a mutually reinforcing triad. When deployed together, these
tools lower scrap rates, energy idling, and product-recall exposure far more than single-
technology rollouts. Comparative case evidence indicates that fully integrated digital
stacks often double the efficiency gains achieved by standalone solutions and streamline
preparation for forthcoming digital product passport regulations (Kirchherr et al., 2017).

The second theme positions resource efficiency as a strategic, rather than merely
operational, asset. In synthesising efficiency outcomes, we distinguish process-level metrics,
such as scrap rate and material yield, from system-level sustainability metrics, such as
scope-3 emissions and lifecycle carbon. These metric families are not interchangeable, and
the constructs proposed in this review may operate differently across them: process-level
gains accrue largely within a firm, whereas system-level gains depend on cross-tier data
sharing. Recent studies embed efficiency within broader circular-economy and social-
licence agendas, weighting material productivity alongside carbon, biodiversity, and labour
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well-being metrics (Geissdoerfer et al., 2017). This multidimensional view departs sharply
from the pre-2018 cost-centric literature and is reshaping GVC governance. Data-rich
platform leaders now project eco-efficiency standards upstream, while automation and
additive manufacturing open selective reshoring options. Cross-industry comparisons
show that firms using digital twins for capacity planning reshore 15 to 20 percent more
high-value activities than peers, altering the geography of global production (Munonye,
2025). This association may partly reflect self-selection, since high-performing firms are
more likely to adopt digital twins in the first place.

Table 1. Summary of reported efficiency gains by MMAT Quality tier, technology type, GVC tier,
sector, and firm size.

Study Design MMAT
Tier Technology GVC Tier Sector/Firm

Size Reported Gain

Timperi et al.
(2024)

Meta-analysis
(3142 plants) High AI, cloud, IoT Cross-tier Manufacturing,

mixed

14% productivity
gain; 6% reach full

integration

Han et al.
(2025)

Cross-section
(firm-level,

China)
Medium AI analytics Cross-tier

(dyadic)
Manufacturing,

mixed

Reduction in
customers’

downstream carbon
emissions

Lee and Gereffi
(2021) Observational Medium IoT energy

dashboards Mid-stream Discrete
manufacturing

9% cut in average
electricity use

Silva et al.
(2023)

Observational
(process
control)

Medium Machine
learning Mid-stream Manufacturing,

mixed
Up to 17% cut in

raw-material scrap

Munonye
(2025)

Cross-industry
comparison Medium

Digital twins
(capacity
planning)

Cross-tier Cross-industry 15–20% more
high-value reshoring

Huang and
Zhang (2023) Case study Low Digital twin +

blockchain Mid-stream White goods,
large (Europe)

18% material-loss cut;
audit time halved

Huang and
Zhang (2023)

Pilot
deployment Low

Digital twin +
blockchain (full

stack)
Mid-stream Electronics,

large (Europe)
18% scrap cut; 40%
shorter audit cycles

Klarin et al.
(2024)

Pilot
deployment Low Blockchain

traceability Downstream Pharmaceutical Recall time cut from
weeks to hours

The third theme addresses the digital-regionalisation paradox. Rather than extend-
ing GVC reach, greater digital intensity is associated with stronger intra-regional trade
concentration. Díaz-Mora et al. (2022) report that a 10 percent increase in digital capital
boosts intra-EU trade by 8 percent while leaving extra-EU volumes unchanged, a pattern
consistent with evidence reported by Giunta et al. (2025). Stringent data-compliance de-
mands and regulatory congruence requirements re-anchor sourcing within regulatory blocs,
creating a structural tension between global digital connectivity and regional institutional
cohesion that existing theories have not adequately explained.

The fourth theme concerns theoretical adequacy. Recent shifts in explanatory lan-
guage, from transaction-cost logic toward socio-technical transition theory, signal that
digital-resource synergies transcend bilateral cost minimisation and create data externali-
ties and collective-action benefits spanning entire value-chain ecosystems. To capture these
dynamics, future research should blend quasi-natural experiments with rich digital trace
data and embed qualitative process work inside those designs to illuminate the micro-
politics of technology assimilation still absent from the literature (Smith et al., 2005; Kohler
et al., 2019).

https://doi.org/10.3390/economies14070255

https://doi.org/10.3390/economies14070255


Economies 2026, 14, 255 9 of 19

4. Results and Discussion
4.1. Theoretical Contributions (RQ1)

The evidence synthesised in RQ1 exposes clear limits in the explanatory reach of
dominant theoretical frameworks. This section examines where each framework holds,
where it falls short, and what extensions are required to account for the sustainability and
platform dimensions of contemporary digitalised GVCs.

Transaction Cost Economics (TCE) predicts that richer information flows reduce coor-
dination costs and extend supply chains outward by making distant sourcing relationships
more governable. The digital-regionalisation paradox documented in RQ2 directly con-
tradicts this prediction. When data-compliance demands and regulatory congruence
requirements become binding constraints, firms prefer proximate partners embedded in
compatible institutional environments, concentrating rather than extending GVC geogra-
phy. Risk externalities and non-tariff regulatory burdens now outweigh pure coordination
cost logic, and TCE offers no mechanism to account for this inversion. An adequate theo-
retical extension must incorporate regulatory fit as a location advantage that can override
coordination cost minimisation in digitally intensive governance contexts. This extension
is distinct from, though related to, the institutional-economics literature on regulatory
distance and its effect on FDI location decisions, which treats regulatory difference as a cost
to be minimised rather than, as here, a fit condition that can actively re-anchor sourcing.

The Resource-Based View (RBV) fares better in explaining why some firms capture
larger efficiency dividends from identical digital investments but requires substantive
recalibration. Cloud, blockchain, and AI bundles exhibit the VRIN properties Barney
(1991) articulated, but recent empirical work published in leading IB journals demonstrates
that value materialises only when firms develop analytics orchestration and data shar-
ing capabilities across organisational and national boundaries (Huang & Zhang, 2023;
Sanguineti et al., 2023). These inter-firm routines correspond to Teece’s (2007) dynamic-
capabilities micro-foundations of sensing, seizing, and reconfiguring, but add a layer of
platform curation: firms must continuously manage external API partners and tokenise
process data to sustain systemic efficiencies. The RBV conversation must therefore shift
from asset ownership to what we term ecosystemic capability bundling, which captures
the distributed, cross-firm nature of digital-sustainability advantages and responds to
longstanding critiques that the RBV under-theorises inter-firm complementarities.

Dunning’s eclectic paradigm offers useful framing for understanding how digital
connectivity reshapes location and internalisation advantages but also requires extension.
Digital connectivity attenuates classic location advantages yet accentuates regulatory fit
advantages: Han et al. (2025) show that suppliers located in jurisdictions with robust digital-
compliance regimes attract more platform-mediated contracts than equally productive
peers elsewhere, a finding that the original OLI framework cannot explain. Internalisation
logic likewise needs recalibration. The cost-minimisation logic of Buckley and Casson
(2003) struggles to explain why lead firms now open-source carbon-tracking algorithms, a
behaviour that platform-based international business theory (Kano et al., 2022) captures
better. Our review adds a sustainability layer to this explanation: open architectures are
adopted not merely for scalability but to diffuse audit costs and compliance burdens across
the chain (Bals et al., 2024). This motivates the construct of digital-sustainability spillovers,
which we define as the process by which data made transparent for compliance purposes
rapidly diffuses as operational knowledge, amplifying resource efficiency along the chain
beyond the originating firm. These extensions rest on a more basic distinction between
digital and traditional value chains. A traditional chain coordinates the sequential transfor-
mation of physical inputs, where value is added through tangible processing and location
is governed by factor costs and logistics. A digital value chain instead coordinates flows of
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data alongside physical goods, so that value is created less through the transformation of
materials and more through the capture, integration, and recombination of information
across tiers. Because data exhibits increasing returns and near-zero replication cost, value
concentrates wherever the capability to govern and analyse it is densest, which helps
explain why digital intensity reinforces rather than disperses regional production blocs, the
mechanism underlying the digital-regionalisation paradox. This shift also reshapes gover-
nance: coordination authority migrates from owners of physical assets toward orchestrators
of data and standards, so that the firms setting interoperability protocols and compliance
rules increasingly govern the chain, independent of where physical production occurs.

The Technology-Organisation-Environment (TOE) framework continues to predict
initial digital adoption decisions effectively, as confirmed by recent multi-country surveys
(Liu et al., 2022). However, our synthesis reveals that cross-border complementarities,
regulatory alignment, and data-sovereignty considerations now play roles equal to or
greater than traditional organisational readiness variables. The environmental dimension
of the TOE framework must be expanded beyond home-country institutional contexts to
encompass bilateral trade agreements, cybersecurity standards, and sustainability regimes
that collectively shape firms’ digitalisation strategies across GVC tiers (Nguyen & Zuidwijk,
2025). Without this internationalisation, the TOE framework cannot explain why otherwise
digitally ready firms fail to realise efficiency gains when their chain partners operate under
incompatible regulatory environments.

A socio-technical transition perspective, which treats technological affordances and
institutional responses as co-evolving systems, offers the most promising integrative frame
for the patterns identified in our corpus. Recent conceptual pieces have begun applying this
lens to digitalised supply chains (Bals et al., 2024), but it has not yet been operationalised
at scale. Drawing on Geels (2002) and Smith et al. (2005), our synthesis points toward a
third construct, distributed eco-innovation, which captures how digital twins modularise
tasks, blockchain orchestrates knowledge flows, and AI unlocks generative recombination
of process data that cascades efficiency improvements through supplier networks. This
construct synthesises the fragmented notions of modularity, collaboration, and value co-
creation into a coherent explanatory package grounded in empirical evidence from 76
studies in our corpus.

Together, the three theoretical extensions proposed here, namely ecosystemic capability
bundling, digital-sustainability spillovers, and distributed eco-innovation, address the gaps
that TCE, RBV, dynamic capabilities, and classic IB theories leave when confronted with
the sustainability and platform realities of contemporary GVCs. They are not wholesale
replacements of existing frameworks but targeted extensions that restore explanatory
power where legacy theories fall short. Each extension generates testable propositions
and opens new empirical avenues, which are developed further in Section 5 alongside the
digital-resource synergy framework.

4.2. Challenges of Digitalization of the GVCs (RQ2)

The relationship between digital technologies and resource efficiency in GVCs is
neither automatic nor linear. It is shaped by a set of enabling conditions and structural
barriers that determine whether digital adoption translates into measurable chain-wide
gains or remains confined to isolated operational improvements.

The most consistent finding across the corpus is that resource efficiency gains are
contingent on integrated deployment rather than piecemeal adoption. Studies comparing
standalone versus bundled digital implementations show that firms deploying integrated
stacks combining IoT sensing, AI analytics, blockchain traceability, and digital twins achieve
efficiency outcomes that are substantially larger than the sum of individual technology
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contributions. Huang and Zhang (2023) demonstrate that coupling digital twins with
blockchain-verified traceability reduced material loss by 18 percent and compliance-audit
time by half at a European white-goods producer, an outcome that neither technology
achieved independently.

Governance arrangements represent the second critical enabling condition. Data-
governance structures, including data-sovereignty rules, interoperability standards, and
access protocols, determine whether efficiency-relevant information flows freely across
organisational and national boundaries or accumulates in data silos that constrain systemic
optimisation. Where governance frameworks are misaligned across trading partners, the
efficiency potential of otherwise capable digital stacks is significantly dampened. This
finding aligns with recent institutional perspectives arguing that the organisational and
regulatory environment shapes digital value creation as much as the technology itself (Bals
et al., 2024).

Regulatory congruence emerges as a closely related but distinct barrier. The post-2021
surge in sustainability regulation, most notably the EU Corporate Sustainability Due-
Diligence Directive (2024/1760) (Morris, 2026) and the forthcoming EU Digital Product
Passport requirements, has elevated digital traceability from a competitive option to a com-
pliance necessity. Citation-burst analyses in our corpus show that “scope-3 emissions” and
“circular economy” supplanted “lean logistics” and “agility” among the top ten keywords
from 2022 to 2024, reflecting this regulatory shift. Giunta et al. (2025) observe that sustain-
ability now rivals speed as the primary supply-chain objective, and our synthesis suggests
that regulatory pressure is associated with greater digital investment than competitive
mimicry alone, though the cross-sectional nature of the underlying evidence precludes a
firm causal claim.

Cyber-risk maturity constitutes a fourth boundary condition. ENISA (2025) reports
that supply-chain cyber incidents rose 47 percent year-on-year, predominantly in multi-tier
ecosystems where governance is weakest. As digital integration deepens across GVC tiers,
the attack surface expands proportionally, and firms with low cyber-risk maturity face
a structural ceiling on how far they can safely extend data sharing with chain partners.
This finding introduces an important qualification to the integration argument: deeper
digital stacks amplify efficiency gains but also amplify systemic vulnerability when not
accompanied by adequate security governance.

A persistent structural barrier cutting across all four conditions is the digital divide.
The regional integration benefit of digital capital is estimated to be 30 percent smaller for
SMEs in peripheral regions compared to incumbents in digital hubs, a disparity traced
to unequal access to cloud infrastructure and specialised digital skills (Díaz-Mora et al.,
2022). Papers originating from Africa and Latin America, which represent fewer than
14 percent of our corpus, consistently highlight how resource-constrained contexts force
leapfrog solutions such as off-grid IoT and smartphone-based traceability that challenge
the assumption of advanced infrastructure as a precondition for digital upgrading.

Finally, our synthesis identifies an important paradox at the intersection of digital
integration and GVC geography. Rather than extending supply chains outward as Trans-
action Cost Economics would predict, greater digital intensity is associated with stronger
intra-regional trade concentration. Díaz-Mora et al. (2022) report that a 10 percent in-
crease in digital capital boosts intra-EU trade by 8 percent while leaving extra-EU volumes
unchanged, consistent with evidence reported by Giunta et al. (2025). We term this the
digital-regionalisation paradox: digital technologies intended to transcend distance can in-
stead reinforce regional production blocs when stringent data-compliance demands require
sourcing partners to operate within congruent regulatory environments. This paradox
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represents the most significant and least theorised finding in the corpus, and motivates the
theoretical extensions developed in RQ1.

In sum, RQ2 is answered by identifying four interlocking enablers and barriers: in-
tegrated capability deployment, data-governance alignment, regulatory congruence, and
cyber-risk maturity, all of which are unevenly distributed across firm sizes, regions, and
GVC tiers. Together, they establish that the efficiency dividend of digitalisation is struc-
turally conditioned rather than technologically determined.

4.3. Digital Technologies and Resource Efficiency Mechanisms Across GVC Tiers (RQ3)

The third research question moves from conditions and theories to mechanisms, asking
specifically how individual and bundled digital technologies generate resource efficiency
gains across upstream, mid-stream, and downstream GVC tiers, and what boundary
conditions shape these effects.

Blockchain traceability delivers a second layer of efficiency by aligning stakeholder
incentives through information symmetry. Pharmaceutical sector pilots documented by
Klarin et al. (2024) reduced product-recall times from weeks to hours, confirming Freeman’s
(1984) stakeholder theory assertion that reduced information asymmetry dampens oppor-
tunistic behaviour across chain tiers. Our synthesis adds an institutional dimension to this
mechanism: Giunta et al. (2025) show that EU due diligence legislation triggered a 37 per-
cent surge in blockchain keyword intensity across sustainability journals, indicating that
normative regulatory pressures mobilise digital investment in traceability more powerfully
than competitive mimicry. This finding operationalises the digital-sustainability spillovers
construct introduced in RQ1: data made transparent for compliance purposes diffuses
rapidly as operational knowledge, generating efficiency improvements downstream of
the originating compliance requirement. The mechanism, therefore, runs from regulation
through transparency to operational efficiency, a pathway that neither TCE nor classic
RBV theorised.

Digital twins amplify both sensing and traceability mechanisms by enabling virtual
experimentation across GVC configurations without incurring the cost or disruption of
physical trials. Recent twin-blockchain pilots in European electronics demonstrate that
full-stack deployment reduces scrap by approximately 18 percent while shortening audit
cycles by 40 percent, outcomes that isolated implementations cannot replicate (Huang &
Zhang, 2023). The efficiency mechanism of digital twins operates through three pathways:
modularisation of tasks into digitally legible units that can be optimised independently,
simulation-based scenario planning that identifies resource-efficient configurations before
physical commitment, and generative recombination of process data that surfaces non-
obvious efficiency opportunities across tier boundaries (Vallée et al., 2026). These three path-
ways collectively constitute what we termed distributed eco-innovation in RQ1, and the
twin-blockchain combination is its primary empirical instantiation in the current corpus.

AI analytics close the loop by transforming the data generated through sensing,
traceability, and simulation into prescriptive recommendations at the speed and scale
that multi-tier GVCs require. Han et al. (2025) provide firm-level evidence from China
showing that suppliers adopting AI analytics are associated with measurable reductions
in their customers’ downstream carbon emissions, a cross-tier pattern consistent with
the ecosystemic rather than firm-bounded nature of digital efficiency gains. This dyadic
finding should be read as correlational, since lead firms may strategically select AI-capable
suppliers, and remains to be tested with instrumental-variable or natural-experiment
identification. This finding is particularly significant for the ecosystemic capability bundling
construct: the efficiency benefit does not reside in any single firm’s AI capability but in
the complementarity between the supplier’s sensing and cognition infrastructure and the
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customer’s data-governance and analytics routines. Where this complementarity is absent,
AI adoption at one tier generates no measurable efficiency gain at adjacent tiers.

Taken together, the five mechanisms identified across the corpus, namely real-time
sensing, blockchain traceability, digital twin simulation, AI-driven analytics, and automa-
tion, operate as a mutually reinforcing system rather than as independent efficiency levers.
The efficiency gains documented in the literature are largest when all five mechanisms
are active and when the boundary conditions of regulatory synchronisation, cyber-risk
maturity, ecosystemic capability complementarity, and labour-institutional fit are satisfied
simultaneously. When any of these conditions is absent, the system degrades toward partial
optimisation, confirming the central argument that the efficiency dividend of digitalisation
is structurally conditioned rather than technologically determined.

RQ3 is therefore answered by a mechanism-level account that moves beyond catalogu-
ing which technologies improve which metrics, toward explaining the causal pathways
through which integrated digital stacks generate chain-wide resource efficiency gains, the
cross-tier spillover effects that make those gains systemic rather than firm-level, and the
boundary conditions that determine whether the full efficiency potential is realised or
truncated at the level of isolated pilots.

5. Discussion
5.1. The Digital-Resource Synergy Framework

The findings across the three research questions converge on a common structural
insight: digital technologies generate resource efficiency gains in GVCs not through iso-
lated deployment but through layered, mutually reinforcing configurations that span firm
boundaries, GVC tiers, and regulatory environments. To synthesise this insight and provide
a foundation for future empirical and managerial work, we propose the digital-resource
synergy (DRS) framework, presented in Figure 3.

Figure 3. The digital-resource synergy (DRS) framework.

The framework links four layers: technology, capability orchestration, governance,
and outcomes. In defining these layers, we draw on Koch et al.’s (2022) criteria for digital
ecosystems, which specify that a true ecosystem requires not merely co-located actors
but shared digital infrastructure, interdependent value creation, and coordinated gov-
ernance. The DRS framework satisfies these criteria: its technology layer supplies the
shared infrastructure, its capability and governance layers establish interdependence and
coordination, and its outcome layer captures the jointly created value that distinguishes
an ecosystem from a simple buyer–supplier chain through testable propositions. P1: The
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greater the integration of the four technology pillars (IoT sensing, AI analytics, blockchain
traceability, digital twins), the larger the resource efficiency gains, relative to standalone
deployment. P2: The effect of the technology stack on efficiency is mediated by ecosystemic
capability bundling; firms that jointly develop cross-firm data sharing and orchestration
routines capture larger gains than firms with equivalent technology but weaker inter-firm
capabilities. P3: Blockchain-enabled transparency increases the strategic value of compli-
ance data over time (the transparency circuit), strengthening the link between governance
and outcomes. P4: Digital twin experimentation diffuses process innovations through
the supplier network as distributed eco-innovation (the generativity circuit), amplifying
chain-wide efficiency. P5: Regulatory congruence across trading partners moderates the
technology-to-outcome path; where congruence is low, efficiency gains concentrate within
regulatory blocs, producing the digital-regionalisation paradox. P6: Contextual modera-
tors (digital-divide asymmetry, energy-mix elasticity, labour-institutional fit) condition the
strength of all preceding relationships.

The framework is organised across four layers: technology, capability orchestration,
governance, and outcomes. Each layer builds on the one below it, and the overall architec-
ture is bounded by contextual moderators that determine whether synergies are realised
or truncated.

At the technology layer, four mutually reinforcing pillars constitute the sense–cognise–
record–simulate stack. Pervasive IoT and edge sensing convert material, energy, and carbon
flows into real-time data streams. AI and advanced analytics transform those streams into
predictive and prescriptive intelligence, closing the cognition gap that previously limited
data-driven optimisation. Blockchain-enabled ledgers furnish tamper-proof provenance
records, ensuring that data generated upstream remains trustworthy as it travels down-
stream. Digital twins synthesise sensor feeds and ledger data in simulation environments,
allowing firms to rehearse resource efficiency scenarios without incurring the cost of physi-
cal trials. As documented in RQ3, this full stack reduces scrap by approximately 18 percent
and shortens audit cycles by 40 percent in documented pilots (figures reported illustratively
from individual high-quality case studies, not pooled across the corpus), outcomes that no
single technology achieves independently.

At the capability-orchestration layer, the framework explains how technological arte-
facts become organisational outcomes. Ecosystemic capability bundling, the first theoretical
extension proposed in RQ1, operates here. Joint development of data-exchange proto-
cols, governance APIs, and cross-cultural analytics skills across chain partners determines
whether firms can operationalise the technology stack or remain constrained by data silos
and incompatible systems. Building on dynamic-capability theory, sensing and cognition
create sensing-seizing complementarities, but only organisations that master data sharing
and partner curation routines across national boundaries can fully exploit them. This layer
also explains why identical technology investments yield divergent efficiency outcomes
across firms and regions: the capability configuration, not the technology itself, is the
primary source of differential performance.

At the governance layer, system performance depends on two mutually reinforcing
circuits represented in Figure 3. The transparency circuit couples blockchain traceability
with external regulatory oversight: tamper-proof eco-ledgers satisfy regulators and buyers
demanding verifiable sustainability data, encouraging richer disclosure and increasing the
strategic value of the ledger over time. The generativity circuit links digital twin experi-
mentation to innovation diffusion: virtual trials uncover superior process configurations
that cascade through supplier networks as distributed eco-innovation, the third theoretical
construct introduced in RQ1. If either circuit is disrupted by cyber breaches, data hoard-
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ing, or misaligned incentives, the architecture degrades into fragmented and sub-optimal
optimisation at the firm level rather than generating chain-wide efficiency gains.

At the outcome layer, the framework distinguishes between operational resource
efficiency and strategic sustainability advantage. Operational efficiency emerges from real-
time optimisation of material, energy, and emission flows across tiers. Strategic advantage
accrues when firms leverage verifiable eco-performance to shape industry standards,
qualify for green public procurement, or attract platform-mediated contracts from lead
firms that require regulatory-fit partners, as documented by Han et al. (2025). Because
strategic advantage is path-dependent, early movers that establish ecosystemic capability
bundles create durable competitive positions that late movers cannot easily replicate, a
VRIN-like dynamic updated for the platform and sustainability era.

Contextual moderators complete the framework and connect it to the digital-
regionalisation paradox identified in RQ2. Digital divide asymmetry dampens synergy
in low-infrastructure regions unless leading firms invest in supplier enablement. Energy-
mix elasticity captures rebound risks: cloud workloads powered by carbon-intensive
grids can partially erase efficiency gains, highlighting the need to couple digital adoption
with renewable-energy sourcing. Labour-institutional fit shapes social acceptability of
automation-driven efficiency gains, as documented in RQ3. Most importantly, regulatory
congruence across trading partners determines whether the transparency and generativity
circuits operate smoothly or generate the paradoxical regionalisation effect in which digital
intensity strengthens intra-bloc trade rather than extending global reach.

5.2. Future Research Agenda

The DRS framework and the three research questions collectively surface several
critical gaps that the current corpus cannot resolve and that represent the most productive
avenues for future inquiry.

The most pressing gap concerns causal architecture. Most efficiency claims in the
corpus still rest on cross-sectional correlations. Natural experiment designs that exploit
exogenous regulatory shocks, such as the phased implementation of the EU Digital Product
Passport from 2026 or the Carbon Border Adjustment Mechanism from 2027, would allow
researchers to identify whether integrated digital stacks genuinely reduce material intensity
or merely shift it geographically across regulatory boundaries. Such designs would also test
the digital-regionalisation paradox under controlled conditions, providing the first rigorous
causal evidence on a pattern that our synthesis can currently only document correlatively.

A second avenue concerns rebound-effect accounting. High-resolution life-cycle
assessments should be integrated with real-time energy-metering data from hyperscale
data centres to weigh the energy overhead of blockchain and AI operations against the
supply-chain savings they generate. This issue has received minimal attention since
Masanet et al.’s (2020) global ICT audit and is becoming more urgent as digital stack
deployments scale.

Third, the governance of data commons represents an emerging research frontier.
The rise in data trusts and federated-learning protocols opens questions about how
value-chain actors can share sensitive scope-3 emissions data without surrendering com-
petitive intelligence. Comparative institutional analyses across the EU, ASEAN, and
the African Continental Free Trade Area would illuminate whether data-trust architec-
tures or centralised regulatory mandates generate faster and more equitable diffusion of
digital-sustainability spillovers.

Fourth, the inclusion and digital justice dimension of the corpus remains underdevel-
oped. Case evidence from Nigeria’s agri-tech clusters and India’s ONDC platform shows
that low-cost smartphone-based traceability can leapfrog legacy ERP systems, challenging
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the assumption that advanced cloud infrastructure is a precondition for digital upgrading.
Longitudinal work is needed to determine whether such lightweight stacks translate into
durable participation gains for SMEs or create new forms of platform lock-in that replicate
existing power asymmetries in digital form.

Fifth, human-algorithm co-production at the operational level remains a theoretical
blind spot. Micro-ethnographic research inside digitally retrofitted plants could unpack
how operators recalibrate tacit routines in response to prescriptive AI analytics, extending
socio-technical theory beyond its current macro-level focus on automation and job displace-
ment toward the micro-politics of technology assimilation that shape whether efficiency
gains are sustained or eroded over time.

Finally, sector-specific deep dives into battery and semiconductor chains would pro-
vide living laboratories for studying the digital-regionalisation paradox under conditions
of acute geopolitical and net-zero pressure, precisely the contexts where the tension be-
tween global digital connectivity and regional regulatory cohesion is most visible and most
consequential for both scholars and policymakers.

6. Conclusions
This review set out to answer three questions about the relationship between digital

technologies, resource efficiency, and the spatial organisation of global value chains. The
answers that emerge from 150 peer-reviewed studies are consequential for theory, practice,
and policy alike.

On the first question, canonical frameworks including Transaction Cost Economics,
the Resource-Based View, Dynamic Capabilities, and Dunning’s eclectic paradigm each
illuminate part of the picture but leave significant explanatory gaps when confronted with
the sustainability and platform realities of contemporary GVCs. The three theoretical
extensions proposed here, ecosystemic capability bundling, digital-sustainability spillovers,
and distributed eco-innovation, address those gaps by reframing digital advantage as inter-
firm and ecosystemic rather than firm-bounded, by explaining how compliance-driven data
transparency cascades as operational knowledge across chain tiers, and by capturing how
virtual experimentation diffuses process innovations through supplier networks. These
constructs are not replacements for existing frameworks but targeted extensions that restore
explanatory power where legacy theories fall short.

On the second question, the evidence is unambiguous that efficiency gains are contin-
gent rather than automatic. Integrated digital stacks combining IoT sensing, AI analytics,
blockchain traceability, and digital twins deliver chain-wide efficiency improvements av-
eraging 10 to 25 percent in material scrap, idle energy, and audit lead times, a range
drawn illustratively from the highest-quality studies in the corpus rather than from meta-
analytic pooling, but only when cross-firm capability complementarities, data-governance
alignment, regulatory congruence, and cyber-risk maturity are simultaneously present.
Piecemeal digitalisation strands firms on efficiency plateaus that isolated technology in-
vestments cannot overcome, regardless of their individual sophistication.

On the third question, the mechanism-level account developed in RQ3 establishes
that the five core digital mechanisms, real-time sensing, blockchain traceability, digital
twin simulation, AI-driven analytics, and automation, function as a mutually reinforcing
system. Their efficiency effects are largest when all five are active and when the boundary
conditions identified in RQ2 are satisfied. The cross-tier spillover effects documented
in the corpus, most notably the finding that supplier AI adoption measurably reduces
customer downstream emissions, confirm that the efficiency dividend is systemic rather
than firm-level and therefore requires inter-organisational and cross-border governance
frameworks to be fully realised.
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The digital-regionalisation paradox cutting across all three research questions repre-
sents the most novel and least theorised finding of this review. The tendency of greater
digital intensity to strengthen intra-regional rather than global trade concentration chal-
lenges both TCE predictions and conventional narratives about digital technologies as
forces of globalisation. It suggests that the next frontier for GVC scholarship is not sim-
ply understanding how digital technologies improve efficiency within existing network
structures, but understanding how they are actively reshaping those structures in ways
that have profound implications for the geography of global production, the distribution
of efficiency gains across development contexts, and the design of international trade and
digital governance frameworks.

Practically, the evidence points to three strategic imperatives. Firms should pursue
full-stack digital deployment rather than piecemeal implementation, co-invest in supplier
enablement and renewable-energy integration to mitigate rebound effects and reduce in-
equitable lock-in, and actively participate in multi-stakeholder standard-setting to ensure
that digital product passports and due diligence regulations function as efficiency enablers
rather than compliance burdens. Policymakers should prioritise open data-trust infras-
tructures that lower SME onboarding costs, harmonise interoperability standards across
regulatory blocs, and fund longitudinal research that can establish the causal pathways
this review can only document correlatively.

This review is not without limitations. Restricting the corpus to English-language
publications across four databases may underrepresent regional innovations from the
Global South, precisely the contexts where leapfrog digital solutions are most likely to
challenge established assumptions about infrastructure prerequisites. The predominance of
cross-sectional designs in the corpus means that causal claims about digital technologies and
resource efficiency remain provisional. These limitations are themselves a research agenda:
the field needs more longitudinal, multi-region, mixed-method studies that combine the
causal rigour of quasi-experimental econometrics with the contextual depth of process
tracing and ethnographic observation.

Digital technologies are reshaping global value chains faster than the theories built
to explain them. This review provides a consolidated empirical foundation and a set of
theoretical tools to close that gap, but sustained collaboration among scholars, practitioners,
and policymakers will be essential to align digital-resource governance with the dual
objectives of global competitiveness and planetary stewardship.
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