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Abstract: Data spaces are increasingly recognized as a key enabler of secure, sovereign, and
interoperable data exchange across manufacturing and supply chain networks. Despite
growing institutional interest in Europe, academic research on this topic lacks a consolidated
perspective. This study addresses this gap by combining a systematic literature review with
an analysis of early insights from European initiatives to explore how data spaces are being
conceptualized and implemented in industrial contexts. The review covers bibliometric
trends and thematic content in the scientific literature, while also examining the structure
and maturity of ongoing European projects. Results show a recent surge in scholarly
interest, with early applications focusing primarily on resilience and sustainability. Practical
initiatives are progressing toward implementation, supported by reference architectures
like International Data Space and Gaia-X. The study concludes by outlining future research
priorities, including the need for standardized design approaches and greater support for
cross-sector collaboration.
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1. Introduction

Nowadays, manufacturing and supply chains have become globally distributed and
highly interconnected, involving a wide range of autonomous actors [1-3]. However,
despite advancements in digital technologies, a fundamental challenge persists: the frag-
mentation of data across organizational and technological boundaries [4,5]. Manufacturers
often lack visibility into upstream constraints or downstream demand changes, while
suppliers remain unaware of production schedules or quality issues further along the
chain. This lack of integrated data exchange undermines coordination, reduces respon-
siveness, and limits innovation potential across the value chain. Poor data integration can
lead to overproduction, inventory imbalances, delayed deliveries, and reactive decision-
making [6,7], undermining strategic sustainability and operational initiatives in small- and
medium-sized manufacturers [8] and affecting sustainable performance through supply
chain visibility [9]. This challenge also intersects with broader sustainability goals, as
transparent and integrated data flows have been shown to shape stakeholder perceptions
of sustainable development, mediate green behavior and corporate social responsibility
interactions, and enhance environmental performance through operational transparency
in manufacturing contexts [10-12]. Moreover, the absence of real-time, standardized, and
contextualized data can become particularly dangerous in regulated or complex industries,
where delayed recalls or compliance failures can result in substantial financial and repu-
tational damage. Lastly, in an increasingly Al-driven environment [13-18], limited access
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to high-quality, cross-organizational data hinders the performance of manufacturing and
supply chain predictive models, impeding opportunities for automation, optimization, and
intelligent decision support.

Given the increasing complexity and volatility of global supply chains, the ability to
share and utilize data across organizational boundaries has become critical for industrial
competitiveness and systemic resilience. However, achieving seamless and secure data
exchange remains a significant challenge due to a combination of technical, organizational,
legal, and trust-related barriers [19-21]. A major obstacle is the heterogeneity of systems
and data models across different organizations [22]. Manufacturing stakeholders typically
use diverse platforms with incompatible formats and terminologies. This lack of interop-
erability leads to costly, fragile, and often manual integration efforts that are difficult to
scale and maintain. The distributed and hierarchical structure of supply chains further
complicates matters [23]. Limited data sharing between these tiers impedes end-to-end
visibility and delays the detection of disruptions or quality issues. Trust is another critical
barrier [24]. Companies are often reluctant to share sensitive data due to concerns over
misuse, competitive risks, and lack of control. The absence of standardized frameworks for
data usage rights, consent management, and access control across organizational bound-
aries exacerbates these concerns. Legal and regulatory constraints—such as data privacy
laws and cross-border compliance requirements—further complicate data exchange, espe-
cially when ownership, responsibility, and liability remain ambiguous [25]. Finally, existing
solutions based on bilateral integration or centralized platforms do not scale effectively in
large, dynamic ecosystems. As each new partnership requires a custom integration effort,
complexity and cost increase exponentially. As a result, even firms with well-integrated
internal data systems often struggle to extend those capabilities to external partners.

Over the past two decades, various technological solutions have thus been proposed
to address data fragmentation in manufacturing and supply chains, including centralized
platforms, EDI systems, blockchain, and industrial cloud solutions [26]. While each has con-
tributed to improving data exchange, none has fully resolved the systemic interoperability,
scalability, governance, and trust challenges [27]. Centralized platforms often concentrate
control in the hands of dominant actors, limiting participation by smaller firms [28]. EDI
systems remain rigid and lack semantic depth [29], while cloud-based solutions typically
reinforce enterprise-centric models and fall short of supporting decentralized, sovereign
data sharing [30].

Fortunately, the concept of data spaces has recently emerged as a novel approach
grounded in decentralization, semantic interoperability, and data sovereignty. Data spaces
allow organizations to retain control over their data while sharing it under clearly defined
usage policies [31]. Enabled by federated infrastructure and standardized governance
frameworks, data spaces emphasize trust-by-design and enforce usage conditions through
technical and contractual mechanisms. The European Union has recognized the strategic
potential of data spaces, embedding them within its broader digital and industrial policy
agendas [32,33].

However, despite these developments, the academic literature on data spaces in
manufacturing and supply chains remains sparse and fragmented. Moreover, unlike earlier
solutions, which have been the subject of extensive scholarly analysis, data spaces lack a
comprehensive consolidated review as reported in Table 1.
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Table 1. Summary of key literature review studies on technologies enabling data sharing and
integration in manufacturing and supply chains.

Study Technology
[34] Digital Platform
[35] Digital twin
[36] Industry 4.0 related
[37] Electronic Data Interchange
[38] Cloud
[39] Blockchain
This study Data Spaces

The review of existing studies reveals three primary gaps: (1) fragmented theoretical
perspectives with no unified framework for understanding data spaces; (2) limited empiri-
cal evidence on real-world implementations, particularly within European initiatives; and
(3) few studies that bridge bibliometric trends, thematic analysis, and practical outcomes.
To address these gaps, this study makes three contributions: a comprehensive mapping
of academic research through a systematic literature review; practical insights from Eu-
ropean initiatives by analyzing the structure and maturity of ongoing EU-funded data
space projects; and an integrated agenda for future work by synthesizing theoretical and
practical findings to propose standardized design approaches and areas for cross-sector
collaboration. These contributions are operationalized via three Research Questions (RQs):

1. What are the bibliometric trends and patterns in the academic literature concerning data spaces
in the context of manufacturing and supply chains?

2. What are the main thematic contributions and conceptual perspectives in the existing scientific
literature on data spaces in this context?

3. What initial evidence and practical insights can be drawn from ongoing European initiatives
developing and implementing data spaces in manufacturing and supply chains?

The remainder of this article is organized as follows: Section 2 presents the method-
ology used to conduct the literature review and collect data from European initiatives.
Section 3 reports the answer to each RQ. Section 4 interprets the results to define po-
tential future research areas and Section 5 concludes by summarizing key insights and
outlining limitations.

2. Materials and Methods

A multi-level research design was adopted in this study to address the three RQs iden-
tified in Section 1 related to the evolution of scientific literature and real-world initiatives
on data spaces in manufacturing and supply chains. Specifically, the research approach
combines bibliometric analysis, qualitative content analysis, and a document-based review
of real-world projects. This triangulation allows for both a broad and deep understanding
of the topic, grounded in peer-reviewed sources and institutional documentation. Despite
this rigorous design, several limitations should be acknowledged. The exclusive reliance
on the Scopus database may have led to the omission of relevant studies indexed elsewhere
or published in languages other than English, and the April 2025 cutoff means that the very
latest advances in data spaces might not be captured. Although manual screening and qual-
itative coding were guided by clear criteria and supplemented by co-citation checks, they
remain subject to interpretive bias. The analysis of European initiatives draws solely on
publicly available documentation, which may overlook proprietary or in-progress project
details. Finally, the process of mapping academic publications to real-world initiatives
depends on explicit references in the literature, so initiatives not directly cited or using
alternative terminology could have been missed.
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2.1. Literature Search and Selection

The academic literature was retrieved through a systematic search of the Scopus
databases. The Scopus database was selected due to its comprehensive indexing of en-
gineering, information systems, and industrial management research. The search was
designed to capture studies focusing on data spaces within manufacturing and supply
chain contexts using the following Boolean expression:

(“data space*”) AND (“manufacturing” OR “supply chain*”)

The query was restricted to English-language documents published up to April 2025,
including journal articles, conference proceedings, review articles, and book chapters. After
deduplication, the remaining publications were screened manually based on their titles
and abstracts to ensure relevance. Studies focusing solely on non-industrial sectors were
excluded. Moreover, to enhance the completeness of the review and capture relevant but
less explicitly labeled publications, citation and co-citation analyses were performed using
reference lists from core papers. This allowed the identification of additional studies that
were thematically aligned with the topic but may not have matched the initial search string.
The overall workflow adopted for the review process is illustrated in Figure 1, which
summarizes the steps of data retrieval, filtering, and analysis.

Selected database:
Scopus

J 0
\ /
Selected keywords:

"data space™" AND ("manufacturing” OR "supply chain™")

[
/
\Z

<

N° of initially found papers:
190

C
\/

AN

N° of finally selected papers:

32

Figure 1. Overview of the literature review workflow adopted in the study.

The resulting set of publications served as the basis for both quantitative and qualita-
tive analyses.

2.2. Bibliometric Analysis

A bibliometric analysis was conducted to explore the evolution and distribution of
scholarly attention to data spaces in manufacturing and supply chains. Key indicators
included the following:

e  Yearly publication trends: to track the growth and timing of scholarly interest in
the topic.

e Distribution by document type: to assess the maturity of the field based on the
balance between exploratory (conference) and consolidated (journal/review) outputs.

e  Publishing sources: to identify core journals and conferences and understand the
disciplinary orientation of the research.

e  Geographic and institutional affiliations: to map regional and institutional research
activity and highlight key academic and industrial contributors.
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e  Most prolific authors: to recognize leading researchers shaping the field and influenc-
ing ongoing developments.

e Keyword co-occurrence analysis: to explore the thematic structure of the litera-
ture, identify dominant research clusters, and reveal how key concepts interconnect
across publications.

2.3. Content Analysis of Scientific Contributions

A qualitative content analysis was performed on the selected publications to assess the
conceptual development of data spaces in manufacturing and supply chains. Each study
was systematically reviewed and categorized according to several analytical dimensions,
including the following;:

e Industrial domain: to identify which sectors (e.g., automotive, energy, food)
are leading or emerging in the adoption of data spaces and to assess cross-
sectoral applicability.

e  Operational objectives: to determine the operational focus of data space use (e.g., cost
efficiency, sustainability, resilience).

o Type of integration: to distinguish between vertical integration (across supply chain
tiers) and horizontal integration (among peer organizations), which reflect different
collaboration models and data-sharing structures.

o Integrated technologies: to capture the technological ecosystems (e.g., IoT, digital
twins, Al) that integrate with data space functionality and enable data-
driven applications.

e Types of shared data: to analyze what categories of data (e.g., production metrics,
maintenance logs, environmental indicators) are most commonly exchanged, indicat-
ing the functional scope of data spaces.

e  Use of standards and architectures: to examine adherence to recognized frameworks
(e.g., International Data Space (IDS), Gaia-X), which is essential for interoperability,
scalability, and compliance with governance models.

To execute this analysis, the lead author conducted a full-text reading of each publica-
tion, annotating passages that matched the predefined dimensions and recording analytical
memos to refine category definitions. Periodic discussions with co-authors ensured coding
decisions were transparent and consistent, resolving any ambiguities by consensus. This
structured yet adaptable procedure yielded a systematic, reproducible classification of the
literature, which underpins the thematic synthesis presented in Section 3.2. The goal was
to identify dominant application patterns, variations in technical implementation, and
recurring gaps in documentation.

2.4. Analysis of European Data Space Initiatives

In parallel with the literature review, a document-based analysis was conducted to
examine major European initiatives’ structure, maturity, and strategic orientation related to
data spaces in manufacturing and supply chains. To identify and select relevant projects,
we first retrieved the complete list of European data space initiatives from the International
Data Spaces Association (IDSA) Data Spaces Radar repository. Each initiative entry and its
official project website were screened to confirm that the project explicitly addressed data
space challenges in manufacturing or supply chains. In addition, we performed targeted
Scopus searches using project names (e.g., “Catena-X”, “Gaia-X") to collect peer-reviewed
publications describing their data space implementations. Any documents or studies that
mentioned a project but did not explicitly describe its data space features or use cases were
excluded. This dual-track approach—combining repository screening with bibliographic
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validation—ensures that our analysis focuses solely on initiatives with a clear, documented
commitment to data space development. The analysis then examined the following;:

e  Maturity levels: the five-stage model (Exploratory, Preparatory, Implementation,
Operational, Scaling) captures the lifecycle progression of initiatives, indicating their
readiness and deployment status.

e  Architectural foundations: Identifying the use of frameworks like IDS or Gaia-X
allows assessment of technical alignment with recognized standards and interoper-
ability models.

e Design principles: core principles such as data sovereignty, interoperability, and trust
reflect the governance philosophy and foundational values shaping each initiative.

e Funding sources: analyzing the role of EU, national, and private funding highlights
the degree of public investment and institutional prioritization of data spaces.

e Business models: classification into patterns like joint innovation or marketplace
structures provides insight into the economic rationale and collaboration modes behind
the initiatives.

e  Geographic distribution: mapping projects by country enables the identification
of regional leadership, policy alignment, and cross-country engagement in data
space development.

Finally, cross-mapping was conducted to connect academic publications with the
real-world initiatives they referenced or studied. This provided insight into the degree of
alignment between theory and practice and identified which initiatives are most embedded
in scholarly discourse. This enabled the synthesis of content presented in Section 3.3.

3. Results

The following Section presents the results of the study, structured to address the three
RQs outlined in Section 1. Section 3.1 explores the bibliometric evolution of research on
data spaces in manufacturing and supply chains. Section 3.2 focuses on the content of
the scientific literature. Finally, Section 3.3 examines the main European initiatives and
industrial projects in advancing data space adoption.

3.1. What Are the Bibliometric Trends and Patterns in the Academic Literature Concerning Data
Spaces in the Context of Manufacturing and Supply Chains?

Figure 2 presents an overview of publication activity related to data spaces in manufac-
turing and supply chain contexts. Panel (a) illustrates the number of publications per year
between 2018 and early 2025. Panel (b) displays the distribution of document types among
the retrieved records, including journal articles, conference papers, and book chapters for
the manufacturing and supply chain subset.

Figure 2a shows that publications on data spaces in manufacturing and supply chains
have climbed steadily—from just one document in 2018 to two in 2021, four in 2022, and
then a dramatic jump to eleven in 2023. Although the count dips to ten in 2024 and
currently sits at four for 2025, that latest figure almost certainly underestimates the true
output because of indexing lags. Figure 2b breaks down those contributions by document
type: exactly half are journal articles (50%), conference papers account for 47.5%, and book
chapters make up only 2.5%. This distribution suggests a maturing field—anchored now
by peer-reviewed articles—while still actively exchanging new ideas at conferences, even
as full-length, integrative volumes remain rare. Together, these patterns imply that research
on data spaces in manufacturing and supply chains is rapidly solidifying its scholarly
foundations, even as more comprehensive treatments are just beginning to appear. Figure 3
illustrates the distribution of scientific publications on data spaces in manufacturing and
supply chains, categorized by main publication source. Panel (a) presents the count of
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research articles across main academic journals, while panel (b) displays the distribution of
conference papers across main proceedings.

10 4

Number of Documents
o

—e— Dataspaces in Manufacturing & Supply Chain

Book Chapter

Article 50.0%
Conference Paper

2018 2019

Journal of Industrial Information Integration
Sensors

Sustainability (Switzerland)

Applied Sciences (Switzerland)

Digital Communications and Networks
Electronic Markets

Energy Technology

International Journal of Production Research
Journal of Manufacturing Systems

Journal of Purchasing and Supply Management

2021 2022 2023 2024 2025
Year

(a) (b)

Figure 2. Scholarly attention to data spaces in manufacturing and supply chains: (a) annual publica-
tion trends; (b) distribution by document type.
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Figure 3. Distribution of publications on data spaces in manufacturing and supply chains by outlet:
(a) main journal sources for research articles; (b) main conference proceedings for conference papers.

Figure 3a shows that four journals—Journal of Industrial Information Integration,
Sensors, Sustainability (Switzerland), and Applied Sciences (Switzerland)—are tied as
the most prolific outlets, each publishing three papers on data spaces. A second tier of
sources—including Digital Communications and Networks, Electronic Markets, Energy
Technology, International Journal of Production Research, Journal of Manufacturing Sys-
tems, and Journal of Purchasing and Supply Management—each contributed one paper.
This distribution underscores a strong research focus within industrial informatics, digital
manufacturing, and sustainability-oriented publications. Figure 3b reveals that Procedia
Computer Science, IFAC-PapersOnLine, and Procedia CIRP lead the conference scene with
two papers apiece. Beyond these, a wide array of other conferences—from IEEE’s au-
tomation and electronics symposia to ACM workshops and transdisciplinary engineering
forums—each hosted one contribution. Together, the journal and conference breakdown
highlights a balanced, multidisciplinary engagement with data spaces, marrying rigorous
peer-reviewed studies in established journals with vibrant, industry-focused debates at
conferences. Figure 4 illustrates the geographical and institutional distribution of scientific
publications related to data spaces in manufacturing and supply chains. Panel (a) shows
the number of publications by country, while panel (b) presents the top contributing
institutions based on their publication count.
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Figure 4. Distribution of publications on data spaces in manufacturing and supply chains by affili-
ation: (a) contributing countries based on author affiliation; (b) contributing institutions based on
publication output.

Figure 4a shows that Germany dominates with 20 documents—nearly three times
the 7 produced by China—while Greece follows with 3. Portugal, Spain, and South Korea
each contributed 2 papers, and a long tail of single-document entries comes from Austria,
Belgium, Finland, Iran, Ireland, Italy, Japan, Luxembourg, the Netherlands, Slovenia, Swe-
den, and the United States. This distribution underlines Germany’s leading role—driven by
its strong academic—industrial ecosystem and European data-space initiatives—alongside
emerging activity in China and a broad international base. Figure 4b reveals a five-way
tie at the top: Fraunhofer IPK, Beihang University, Fraunhofer ISST, INESC TEC (Insti-
tute for Systems and Computer Engineering), and Fraunhofer IOSB each published three
documents. A secondary group—including Friedrich-Alexander-Universitidt Erlangen-
Niirnberg, Universidade do Porto, Technische Universitdt Braunschweig, Siemens AG, and
the University of Patras—contributed two apiece. Together, these patterns highlight both
the centrality of key German and Chinese centers and a widening network of institutional
expertise across Europe and beyond.

Figure 5 displays the most prolific authors in the scholarly literature on data spaces ap-
plied to manufacturing and supply chains, ranked by the number of published documents.

Cheng, Y. 4
Riedelsheimer, T.
Tao, F. 1

Uslander, T. 1
Alexopoulos, K. 1
Almeida, A. 4
Azevedo, A.
Ferreira, F. 1
Moreno, T. 1

Miigge, J. 4

T T

0 1 2 3
Number of Documents

Figure 5. Most prolific authors in the field of data spaces for manufacturing and supply chain
management based on the number of publications.

According to Figure 5, four authors—Cheng, Y., Riedelsheimer, T., Tao, F., and Usldn-
der, T.—each contributed three documents, marking them as the core drivers of the dis-
course. They are followed by a second tier of six researchers—Alexopoulos, K., Almeida, A.,
Azevedo, A., Ferreira, F., Moreno, T., and Miigge, ] —each with two papers. Many of these



Appl. Sci. 2025, 15, 5802

9 of 22

prolific authors map directly onto the institutional hubs identified in Figure 4 (e.g., Beihang
University and the Fraunhofer Institutes), while contributors like Alexopoulos (University
of Patras) highlight the broader European engagement. Overall, this author-level profile
reveals a tight-knit group of repeat scholars shaping both the theoretical frameworks and
practical case studies in industrial data spaces, against a backdrop of growing international
collaboration. Lastly, Figure 6 visualizes the keyword co-occurrence network extracted
from the reviewed literature. Each node represents a keyword, and links indicate the
frequency of co-occurrence within the same publication. Colors correspond to clusters of
semantically related terms, identified using the Louvain community detection algorithm.
These clusters highlight the main thematic areas currently structuring academic discourse
on data spaces in manufacturing and supply chains.

industril daf governance

~decentralized distribited symbiotic sharing

Figure 6. Keyword co-occurrence network for publications on data spaces in manufacturing and
supply chains, highlighting thematic clusters and their interrelations.

In reviewing the literature, ten thematic clusters emerge—each distinguished by its
color in the network map—and together they sketch the evolving contours of industrial
data space research.

Advanced Data Space Intelligence and Edge Computing (Blue): this cluster exam-
ines how data space architectures embed intelligence at the edge. Terms like artificial
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intelligence, federated learning, and privacy-preserving machine learning illustrate dis-
tributed model training within the industrial Internet of Things. Edge and fog computing
extend the data space to shop-floor devices, while cloud computing and cloud manufac-
turing provide scalable off-site processing. Operational use-cases—condition monitoring,
predictive maintenance, and resilient manufacturing—show how data space platforms
enable real-time analytics and adaptive control. “Shared production” and “digitalization of
industry” capture how data spaces reshape manufacturing workflows and requisite skills.

Socio-Technical Governance of Industrial Data Spaces (Orange): at the conceptual
core of data space research, this cluster articulates frameworks for collective stewardship
and policy. Central concepts—data space, data ecosystem(s), decentralized distributed
symbiotic sharing—merge with governance models like platform governance, network
governance, self-sovereignty, and shared ownership. Methodologies (e3value modeling,
systematic literature review, expert interviews) validate these socio-technical designs. FAIR
principles (findable, accessible, interoperable, reusable) and “openness” ensure data space
services remain transparent and equitable, while domain tags (battery manufacturing,
continuous-process industry) demonstrate how governance adapts to sectoral needs.

Formal Modeling and Standards for Data Spaces (Green): interoperability in data
spaces hinges on rigorous architectures and engineering methods. The Asset Admin-
istration Shell and SysML v2, along with MBSE practices, define meta-models for data
space components. Ontologies, requirements, and specifications translate these models
into implementable standards, while “manufacturing data spaces” and “digital product
passport” ensure traceability across the product lifecycle. Collaboration patterns and
“value networks” bind diverse stakeholders into coherent data space ecosystems, enabling
closed-loop supply chains and sustainable practices.

Agro-Food Design Frameworks in Data Spaces (Red): this cluster tailors data space
principles to agriculture and food systems. “Agricultural data space” and “agricultural data
ecosystem” describe domain-specific instances, while “agro-food supply chain” highlights
end-to-end data flows. Core design principles and “data sharing and exchange” protocols
ensure interoperability among sensors, platforms, and regulatory databases. By embedding
farming and logistics into data-space infrastructures, this cluster addresses food-safety,
traceability, and efficiency imperatives.

Provenance and Knowledge Management in Data Spaces (Purple): trust in a feder-
ated data space arises from tamper-proof provenance and semantic integration. Blockchain
constructs—Asmuth-Bloom delegated proof of stake, smart contract, IPEFS—securely an-
chor transaction history. Knowledge graphs, data-association mining and “industrial
knowledge management” enable the fusion of heterogeneous datasets. Anchored in use
cases like the automotive and food supply chains, “trusted edge” and “semantic interoper-
ability” ensure data space participants can verify, query, and leverage shared intelligence
without sacrificing sovereignty.

Brownfield Integration and Real-Time Data Spaces (Brown): legacy facilities pose
unique challenges for data space adoption. This cluster spotlights “brownfield” scenarios
where big-data stream analytics, data lakes, and data-quality tools retrofit existing lines.
Applications such as injection molding 4.0, predictive maintenance 4.0, intra-logistics opti-
mization, and SUMA 4.0 trials demonstrate how data spaces can overlay non-disruptively,
providing continuous monitoring, scheduling, and iterative experimentation.

Federated Data Space Architectures and Marketplaces (Pink): underpinning indus-
trial data spaces are shared infrastructures and trading venues. Initiatives like Gaia-X and
Catena-X, connectors such as the Eclipse Dataspace Connector, and platforms like FIWARE
define reference architectures for secure interoperability. “Marketplace” and “platform
economy” concepts translate data space connectivity into commercial exchanges, while
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“design science” and “standards” ensure these federated environments scale. Embedding
CO; footprint metrics further aligns data space marketplaces with sustainability goals.

Blockchain-Enabled Trust Mechanisms in Data Spaces (Gray): a focused look at
distributed-ledger tools within data spaces. Blockchain, smart contracts, and IPFS provide
immutable registries that enforce provenance, while “traceability” and “data ownership”
frameworks ensure participants can audit and control data flows. This trust layer is
indispensable for high-assurance applications—where data space collaborations cross
company and regulatory boundaries.

Circular-Economy and Cross-Company Data Spaces (Olive): this cluster explores
how data spaces drive circularity and inter-firm exchange. B2B data exchange and cross-
company data exchange models enable collaborative recycling, remanufacturing, and
resource sharing. Digital twins and product-lifecycle management tools integrate into data
space workflows, while purchasing and supply management functions leverage interna-
tional data space standards. Sectoral examples—such as the footwear industry—illustrate
how industrial marketplaces foster co-innovation and sustainable development.

Shop-Floor IoT and Learning in Data Spaces (Cyan): at the operational frontier, this
cluster fuses IoT sensing with data space analytics. FIWARE-based platforms, elemental
correlation analysis, and knowledge-learning algorithms transform raw sensor feeds into
actionable patterns. Case studies in semiconductor wafer manufacturing systems and shop-
floor scheduling exemplify how data spaces enable continuous learning loops—turning
each production trial into an insight generator within the “Industry of Things”.

Together, these ten color-coded clusters map a rich tapestry of governance, infras-
tructure, analytics and application domains—illustrating how industrial data spaces have
evolved into a multidimensional research frontier.

3.2. What Are the Main Thematic Contributions and Conceptual Perspectives in the Existing
Scientific Literature on Data Spaces in This Context?

To address RQ2, the reviewed literature was systematically classified based on several
key dimensions relevant to the implementation of data spaces in manufacturing and supply
chains. The classification framework considers the industrial domains addressed, the
operational objectives pursued, the type of integration implemented, the technologies
integrated, the nature of shared data, and the use of data-sharing standards or architectures.
These dimensions, summarized in Table A1, provide the basis for the following analysis.

Automotive dominates sectoral coverage in the literature: as shown in Ap-
pendix A Table Al, the automotive sector is the most frequently examined, with five
purely automotive cases [40-44] plus one cross-sector study with electronics [45]. Beyond
this, food (three studies [46—-48]), machining (three studies [49-51]), and battery manufactur-
ing (two studies [52,53]) also appear. Niche domains—such as aerospace [54], footwear [55],
nuclear energy [56,57], semiconductor processing [58], home appliances [59], and heavy
equipment [60]—round out the landscape.

Resilience is the most common operational objective driving data space adoption:
resilience leads as the primary objective, addressed in half the sample. Efficiency follows in
13 studies [45,50,51,54-56,58,59,61-65], and sustainability in 10 studies [40,42,43,46,47,52,65-68].
Multi-objective approaches include resilience + sustainability (four studies [40,42,66,68]),
efficiency + resilience (two studies [51,59]), and efficiency + sustainability (one study [65]).

Vertical integration is the predominant form of data sharing, while horizontal and
sector-level integration are rare: Two-thirds of the works focus on cross-enterprise (within-
supply-chain) integration. Company-level implementations appear in 11 studies [45,50,53,
56-58,60,62,65,69,70], only one study adopts a sector-wide scope [54], and one bridges both
scopes [60].
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I0T, digital twins, and machine learning are the most frequently integrated technolo-
gies: Internet of Things is the most integrated technology, followed by machine learning in
10 studies [45,46,48,49,53,56,57,62,70,71], digital twins in 7 [40,42,52,58,63,70,71], big-data
analytics in 4 [45,48,50,56], and blockchain in 3 [44,47,64]. Notably, 11 studies report no
specific technology integration [41,43,51,54,59-61,65-67,69].

Shared data types primarily relate to production, quality, and product lifecy-
cle: production metrics are the most exchanged data type, with product status next in
11 studies [40,43,46,47,49,51,52,54,56,61,68]. Maintenance records appear in seven stud-
ies [42,43,45,48,50,56,57], quality measures in four [44,45,50,65], sustainability metrics in
two [52,66], demand data in one [66], inventory in one [44], and energy in two [44,62].

International Data Spaces (IDS) is the most cited reference architecture, but standard
adoption remains fragmented: The IDS architecture leads standardization, followed by
the Asset Administration Shell in 11 studies [40,44,49,51-53,59,66,67,70,71] and Gaia-X
in 10 [40,41,46,48,51,54,67,68,70,71]. Other standards—OPC UA, EDC, FIWARE, Catena-
X, IDS-RAM—appear only once or twice, and 10 studies cite no formal interoperability
framework [43,47,56-58,60-62,65,69].

Reporting practices vary, limiting cross-study comparability and synthesis: While
general patterns emerge across sectors, technologies, and operational goals, significant
inconsistencies in reporting persist. Many studies lack detail regarding integration types,
data semantics, or technical implementation frameworks, making it difficult to compare
approaches or replicate findings. Several studies omit reference architectures entirely, while
others do not clearly define shared data types or technological components. These gaps
underscore the need for consistent taxonomies, standardized descriptors, and transparent
reporting practices to enable robust cross-study learning and methodological clarity in
future research on industrial data spaces.

3.3. What Initial Evidence and Practical Insights Can Be Drawn from Ongoing European
Initiatives That Are Developing and Implementing Data Spaces in Manufacturing and
Supply Chains?

In order to assess RQ3, the evolution and current state of real-world initiatives re-
lated to data spaces in the European context from the IDSA platform were analyzed.
Figure 7 presents two radar plots illustrating the distribution of identified initiatives
across five maturity stages—Exploratory, Preparatory, Implementation, Operational, and
Scaling—indicating their progression along the data space development lifecycle.

According to Figure 7a, the documented data spaces are most heavily concentrated in
the Preparatory and Implementation stages. Figure 7b, which maps the use cases associated
with these data spaces, similarly shows a predominance in the Implementation and Opera-
tional phases. This juxtaposition suggests that, although a considerable number of projects
remain in preparatory planning, a substantial share has already moved into implementation
and practical deployment. The presence of several data spaces in the Exploratory stage
reflects an ecosystem in which foundational infrastructure and governance arrangements
are still taking shape. Concurrently, the clustering of use cases toward the Operational
phase indicates that many applications have progressed beyond pilot testing into live envi-
ronments. Collectively, these patterns illustrate a clear shift from theoretical exploration to
real-world execution in European data space development, demonstrating that reference
architectures such as IDS and Gaia-X have evolved from abstract concepts into active,
functioning systems. This progression underscores a deepening institutional and industrial
commitment to data-driven collaboration, interoperability, and sovereignty—cornerstones
of modern manufacturing and supply chain digitalization.
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Data Sovereignty

(a) (b)
Figure 7. Maturity levels of data spaces and associated use cases documented by the IDSA
(source by https:/ /www.dataspaces-radar.org/radar [accessed 11 May 2025]): (a) distribution of

data spaces across five maturity levels; (b) distribution of documented use cases within the same
maturity framework.

Building on the previous analysis of the evolution of European data space initiatives,
Figure 8 offers a deeper look into these projects’ structural and strategic characteristics,
focusing on their foundational building blocks, architectural frameworks, funding models,
business case patterns, and geographical distribution.
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Figure 8. Overview of key characteristics of European data spaces initiatives (source by https:
//www.dataspaces-radar.org/radar [accessed 11 May 2025]).

In the top section of the figure, the foundational pillars of data space design are
highlighted through three thematic blocks: data sovereignty, data interoperability, and
data value creation. The emphasis on data exchange under the interoperability block
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(72.9%) underscores the central role of ensuring seamless data flow between stakeholders.
However, comparatively lower shares for provenance and traceability (15.3%) and data
models and formats (11.9%) suggest that while exchange mechanisms are being prioritized,
standardization and lineage tracking may still be in earlier phases of implementation.
Under data sovereignty, identity management (25.4%) and access and usage policy control
(16.9%) emerge as key enablers, aligned with the broader goal of ensuring secure and rule-
based access to data. Trust, however, remains the least addressed aspect (8.5%), indicating a
potential gap in ecosystem-wide mechanisms for establishing and verifying trust—possibly
reflecting the early maturity of some ecosystems or the reliance on pre-existing business
relationships. The data value creation segment shows the leading role of data services and
offerings (25.4%) and publication and discovery (20.3%) in driving economic utility from
data. Nonetheless, marketplace and usage accounting (6.8%) remain underrepresented,
suggesting that monetization models and governance for transactional data economies are
still emerging while technical sharing is advancing.

In terms of reference architecture, the dominance of IDSA (64.4%) confirms its status
as the de facto standard for many European data space projects. Alternative frameworks
like Gaia-X (8.5%) and FIWARE (3.4%) are also in use but to a lesser extent, reinforcing the
strong institutional backing for IDS as the structural blueprint of data sovereignty. On the
technical implementation side, the most widely adopted data space connector, the Eclipse
Data-space Connector (EDC), holds significant traction (20%), especially among projects
aligning with open-source and federated architecture principles.

Source of funding data highlight the critical role of EU funding (30.5%) in enabling the
development of these data spaces, followed by minor contributions from governmental and
private funding sources. This reliance on public investment emphasizes the strategic role of
data spaces in Europe’s digital agenda and industrial policy. From a business perspective,
joint innovation (60%) dominates as the leading business case pattern, indicating the
strong emphasis on collaboration over direct monetization. Other patterns such as shared
marketplace and greater community engagement (each 20%) suggest that data spaces foster
shared innovation ecosystems and public—private partnerships beyond value creation.
Finally, the geographical distribution reveals that Italy, Germany, and Spain are leading in
terms of the number of documented data spaces.

Lastly, to further integrate insights from both academic research and real-world initia-
tives, Table 2 presents an overview of scientific publications that directly reference or align
with specific European data space projects.

Table 2. Studies related to the most-discussed data spaces projects in the scientific literature.

Data Spaces Related Studies

Catena-X [40,41,43,72-74]
COOPERANTS [54]
Boost 4.0 [45]

The most frequently discussed project is Catena-X, a flagship initiative in the auto-
motive industry, referenced in seven publications [40,41,43,72-74]. These studies confirm
Catena-X's role as a testbed for decentralized, cross-enterprise data sharing grounded
in IDS and Gaia-X principles. They explore various aspects, including platform gover-
nance models in networked ecosystems [72], circular economy use cases via digital twins
and end-of-life vehicle data [40,73], CO; tracking and sustainable business models [74],
federated marketplaces and Manufacturing-as-a-Service (MaaS) infrastructures [41], data
management across the asset lifecycle [42], and informational capabilities for purchasing
and supply management in the context of data-driven sustainability [43]. Together, these
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contributions illustrate how Catena-X enables multi-stakeholder data exchange, supports
sustainability goals, and operationalizes key principles such as data sovereignty and feder-
ated control. The diversity of research perspectives reflects the richness and complexity of
the ecosystem being developed.

In addition to Catena-X, other European initiatives have begun to receive academic
attention. The COOPERANTS project, which focuses on advanced smart services in the
space industry, is highlighted in [54] for its pioneering work in the continuous exchange of
functional digital twins between component suppliers and system integrators. The study
outlines how Gaia-X-compliant architectures are used to improve software integration and
model sharing in safety-critical aerospace systems—demonstrating the flexibility of data
space concepts beyond traditional manufacturing. Finally, the Boost 4.0 initiative is exam-
ined in [45] for its contribution to cross-factory data spaces in digital manufacturing. The
study presents three real-world implementations that leverage big data and sovereign shar-
ing frameworks to enhance interoperability and analytics on highly automated shop-floors.

These examples collectively illustrate a growing convergence between academic re-
search and industrial deployment of data spaces in Europe. While much of the literature
still focuses on conceptual frameworks or single-use applications, projects like Catena-X in
scientific studies and implementation roadmaps reflect the practical maturity and strategic
relevance of data spaces in manufacturing and supply chains. Continued integration of
academic and applied perspectives will be essential for standardizing practices, scaling
infrastructures, and refining governance models across sectors.

4. Discussion

The evolving landscape of data spaces in manufacturing and supply chains has been
examined in this paper by addressing three research questions: (1) what are the bibliometric
trends and patterns in scholarly publications on data spaces within these contexts; (2) which the-
matic contributions and conceptual perspectives emerge from that literature; and (3) what practical
insights can be drawn from ongoing European initiatives deploying data spaces in industry? To an-
swer these questions, a comprehensive bibliometric analysis has been conducted—tracking
publication volumes, authorship and outlet distributions, geographic and institutional
affiliations, and keyword co-occurrence networks—alongside a structured content classi-
fication of thematic and technological contributions and a targeted review of European
data-space projects.

Findings indicate a sharply increasing scholarly interest since 2020, characterized
by both peer-reviewed journal articles and conference proceedings. Thematic clustering
reveals a progression from foundational governance and federated-sharing principles
through trust mechanisms and core platform infrastructures (e.g., Gaia-X, Catena-X) to ap-
plication domains such as sustainability, circular-economy frameworks, and Al-enhanced
factory operations. The automotive and electronics sectors lead real-world implementa-
tions, while Internet of Things, digital twins, and machine-learning techniques emerge
as the predominant associated technologies. International Data Spaces remains the prin-
cipal reference architecture, although complementary standards (AAS, OPC UA, Eclipse
Data-space Connector) show varied uptake. European initiatives predominantly occupy
implementation stages, supported mainly by EU funding and joint-innovation business
models, yet inconsistencies in reporting and fragmented standard adoption highlight the
need for greater harmonization.

The analysis of the current academic and practical landscape of data spaces in manu-
facturing and supply chains thus highlights promising developments. However, several
critical opportunities for further research can be identified:
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Developing standardized design taxonomies for data spaces: future research should
aim to establish a unified and widely accepted taxonomy that classifies the fundamental
components of data space architectures. This includes roles, system components, gover-
nance models, and data categories. A shared design vocabulary would enhance compa-
rability across projects, facilitate replication of successful configurations, and support the
transfer of best practice across sectors.

Expanding the use of advanced empirical research methodologies: with a growing
number of real-world data space projects entering the operational phase, researchers are
encouraged to adopt empirical methods such as longitudinal case studies, field experiments,
and benchmarking analyses. These methodologies would enable a deeper understanding
of performance outcomes, implementation challenges, and long-term impacts.

Operationalizing federated learning and decentralized AI within data spaces: there
is strong alignment between data spaces’ principles—such as data sovereignty and dis-
tributed governance—and techniques in federated and privacy-preserving Al. Future
research should focus on developing and validating Al models that can operate in decen-
tralized environments, respecting data usage constraints while enabling advanced analytics
across organizational boundaries.

Integrating unstructured and textual data into data-sharing ecosystems: as man-
ufacturing and supply chain operations generate increasing volumes of unstructured
data—such as service logs, technical documentation, and communication records—research
should explore how such data can be effectively shared and utilized within data spaces.
This includes defining metadata standards, secure exchange protocols, and use cases for
training large language models or enhancing semantic interoperability.

Enabling horizontal and cross-domain data integration: new research is needed
to conceptualize and pilot frameworks that promote horizontal data exchange (among
peer organizations) and cross-sector interoperability (e.g., between manufacturing, logis-
tics, and energy). This includes designing incentive mechanisms, legal templates, and
technical standards that facilitate data collaboration beyond traditional vertical supply
chain structures.

These directions collectively call for interdisciplinary collaboration and deeper en-
gagement between research and industry to shape the next generation of industrial
data ecosystems.

5. Conclusions

This study addressed the growing relevance of data spaces in the context of manufac-
turing and supply chains, where fragmented data exchange continues to hinder interoper-
ability, responsiveness, and innovation across organizational boundaries. Although digital
integration tools have long been the subject of academic inquiry, the existing literature
has not adequately captured the emerging paradigm of decentralized and federated data
sharing enabled by data spaces. This gap is particularly striking given the increasing policy
and industry attention to establishing secure and sovereign data ecosystems in Europe.

To fill this gap, the study conducted a systematic literature review combined with
a document-based analysis of ongoing European initiatives. The goal was twofold: to
synthesize scholarly knowledge on data spaces in manufacturing and supply chains, and
to contextualize it through observation of real-world implementations. Three research
questions guided the investigation, examining bibliometric patterns, thematic trends in the
academic discourse, and practical insights from European projects.

The results show that academic interest in data spaces has accelerated since 2022,
with increasing contributions from journals and conferences, particularly in industrial
informatics and digital manufacturing. Germany and China emerged as the most active
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countries in terms of scholarly output, reflecting their institutional and industrial engage-
ment with the topic. Content-wise, the literature remains concentrated on production and
product lifecycle activities within vertically integrated value chains, with limited coverage
of horizontal collaboration models. While IoT, digital twins, and machine learning are
frequently discussed, the explicit adoption of data-sharing standards and architectures such
as IDS or Gaia-X is inconsistent. Moreover, reporting practices vary significantly across
studies, hindering comparability and knowledge transfer. On the other hand, the European
data space initiatives review revealed a maturing ecosystem, with most projects situated
in the implementation or operational phase. These initiatives strongly reflect the design
principles of interoperability, sovereignty, and shared innovation. Catena-X, in particular,
stands out as both a technical and governance benchmark, having influenced a significant
portion of the academic literature through use cases involving circular economy, platform
governance, and Manufacturing-as-a-Service. Other projects, such as COOPERANTS and
Boost 4.0, highlight the applicability of data spaces beyond traditional manufacturing,
including aerospace and advanced smart services.

Despite these advances, several limitations were identified. First, the academic liter-
ature still lacks a standardized design taxonomy, which would facilitate replication and
cross-domain learning. Second, empirical validation remains limited, with few studies
leveraging real-world performance data or advanced evaluation methodologies. Third,
opportunities to integrate decentralized Al techniques, manage unstructured data, or pro-
mote horizontal and cross-sector data sharing remain largely untapped. Additionally, our
methodological choices—namely, the focused keyword string, exclusive reliance on the
Scopus database, and concentration on projects catalogued by the International Data Spaces
Association—may have constrained the scope of our review and excluded relevant work
documented elsewhere.

Future research should focus on consolidating design frameworks, expanding empiri-
cal inquiry, and exploring technical enablers that align with the federated nature of data
spaces. Addressing these gaps will be critical for realizing the full potential of data-driven
collaboration in industrial value networks. Future studies should also extend the scope
beyond Europe to emerging regions, notably China, where data space activities are rapidly
evolving but currently dispersed across multiple government programs, industry consortia,
and corporate alliances; a dedicated, comparative mapping of these initiatives, once more
consolidated data become available, will be essential for developing truly global design
and governance models.

Author Contributions: Conceptualization, M.R., L.C., M.G., L.D.N. and A.R.; data curation, L.C.
and M.G.; Formal analysis, L.C. and M.G.; funding acquisition, A.R.; investigation, L.C. and M.G;
methodology, L.C. and M.G.; project administration, A.R.; resources, A.R.; software, L.C. and M.G.;
supervision, A.R.; validation, L.C. and M.G.; visualization, M.G.; writing—original draft, M.R., L.C.,
M.G., AR. and L.D.N,; writing—review and editing, M.R., L.C., M.G., A.R. and L.D.N. All authors
have read and agreed to the published version of the manuscript.

Funding: This study was carried out within the MICS (Made in Italy—Circular and Sustainable)
Extended Partnership and received funding from the European Union Next-Generation EU (PIANO
NAZIONALE DI RIPRESA E RESILIENZA (PNRR)—MISSIONE 4 COMPONENTE 2, INVESTI-
MENTO 1.3—D.D. 1551.11-10-2022, PE00000004). This manuscript reflects only the authors’ views
and opinions; neither the European Union nor the European Commission can be considered responsi-
ble for them.

Data Availability Statement: No new data were created or analyzed in this study.

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



Appl. Sci. 2025, 15, 5802 18 of 22

Appendix A

Table Al. Classification of reviewed papers on manufacturing and supply chain applications for
data spaces.

Paper Examined Operational Integration Integrated Shared Standards
P Sector Objective Type Technologies Data Architecture
Gaia-X,
. Within AAS,
[40] Automotive S,R supply chain DT Product DS,
Catena-X
[41] Automotive R Within . None Production Gaia-X
supply chain
[42] Automotive R,S Within DT Maintenance IDS-RAM
supply chain
[43] Automotive S Within . None P'roduct, None
supply chain Maintenance
Production,
[44] Automotive R Within . BC Quality, AAS
supply chain Inventory,
Energy
Electronic Within IoT, Qualit
[45] Automoti , E mpan ML, Maint: na}zl DS
omotive company BDA enance
[46] Food S Within . ML, Product Gaia-X
supply chain IoT
[47] Food S Within . BC Product None
supply chain
. IoT, .
[48] Food R Within . BDA, Maintenance Gaia-X,
supply chain ML 1DS
.. Within Product, AAS,
491 Machining R supply chain ML Production IDS
.. Within IoT, Quality, 1DS,
(501 Machining E company BDA Maintenance FIWARE
.. Within Product, Gaia-X,
511 Machining E R supply chain None Production AAS
Within Product, 1DS,
521 Battery S supply chain bT Sustainability AAS
[53] Battery R Within ML Product AAS
company
[54] Aerospace E Within None Product Gaia-X
sector
Within Supply,
53] Footwear E supply chain loT Production DS
Within IoT, Product,
[56] Nuclear E oan BDA, Production, None
company ML Maintenance
[57] Nuclear R Within loT, Maintenance None
company ML
[58] Semiconductor E Within IoT, Production None
company DT
[59] Ho.me E, R Within . None Production AAS
Appliance supply chain
Within
[60] H.e avy R company, None Production None
Equipment within
supply chain
.. . . Within
[61] PrecisionEngineering E . None Product None
supply chain
[62] None E Within ML Energy None

company
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Table Al. Cont.

Paber Examined Operational Integration Integrated Shared Standards
P Sector Objective Type Technologies Data Architecture
. Within DT,
[63] Plastic/Metal E supply chain IoT None IDS
Steel _
[64] casting/Oil E Within BC None DS
. supply chain
refining
[65] Not Specified E,S Within None Quality None
company
Within Production, AAS,
[66] Not Specified S, R supply chain None Demand, OPC UA,
PP Sustainability EDC
. IDS,
[67] Not Specified S Within . None Production Gaia-X,
supply chain
AAS
. Within Production, 1DS,
[68] Simulated SR supply chain loT Product Gaia-X
[69] Electronic R Within None Production None
company
. DT, AAS,
[70] Steel R mthgz ML, Production 1DS,
company IoT Gaia-X
. DT, IDS,
[71] Simulated R tin ML, Production Gaia-X,
UPPY IoT AAS
R: Resilience, S: Sustainability, E: Efficiency, DT: Digital Twin, ML: Machine Learning, IoT: Internet of Things,
BDA: Big Data Analytics, BC: Blockchain.
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