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1. Introduction

The development of sustainable products is increasingly
dependent on the systematic collection, integration, and reuse 
of data relevant to sustainability. This is especially important in 
the context of life cycle inventory (LCI) and life cycle 
assessment (LCA) [1]. Consequently, sustainable product 

development (SPD) expands the classic product development 
paradigm to include additional requirements in terms of data 
availability, transparency, system boundaries and evaluation 
logic [2]. This expansion affects not only the development 
methods, but also the necessary data structures, information 
flows and system architectures. The integration of sustainability 
into product development demands novel approaches to 
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Abstract

Sustainable product development relies on the early and systematic availability of environmental information, such as material origin, energy 
consumption, and emissions. This results in new requirements for data integration and processing to provide valuable sustainability metrics. In 
recent years, data space initiatives, standards, and regulations have emerged to enable interoperable, and cross-organizational exchange of such 
information. Examples include the Digital Product Passport, Catena-X, the Partnership for Carbon Transparency, and the Asset Administration 
Shell. While these infrastructures vary in terms of architecture, semantic modeling, and maturity, there is a lack of structured analysis highlighting 
their potential relevance for sustainability-oriented use cases. The purpose of this paper is to investigate the research proposition that federated 
data space architectures support acquisition, exchange, sharing, and processing and use of data required for sustainable product development.
The methodology encompasses a structured literature review of use cases and a systematic comparison of existing data space concepts. The 
analysis evaluates supported data types, semantic models, interoperability features, and the potential contribution of these systems to support 
sustainability assessments, especially in early design stages. The main findings are (1) there are existing approaches for data spaces in which 
sustainability typically is a priority. (2) The utilization of data spaces for sustainable product development lacks published use cases in science. 
(3) Existing architectures focus on the interoperability and sharing of data but lack systematic support of LCA specific context information.
Beside these findings, the paper provides a structured overview of data space approaches relevant for sustainable product development. This lays
a foundation for future research on data-driven life cycle assessment and the integration of environmental information into digital engineering
processes.
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incorporating indicators such as the carbon footprint, data 
uncertainty, and framework information into a LCA [3,4]. This 
encompasses both system boundaries and data sources [5,6].
Consequently, there is a need for new approaches such as data-
driven product development and data spaces in order to 
consistently provide and process sustainability-relevant 
information across the entire product lifecycle. Data-driven 
sustainability and automating steps like the LCI are crucial for
integrating sustainability considerations in the modern product 
development [7]. The goal of this paper is to investigate the 
following research proposition:

Federated data space architectures support acquisition, 
exchange, sharing, and processing and use of data required for 
sustainable product development.

In accordance with this research proposition, we formulated 
four research questions (RQ): 
 RQ1: What data space architectures exist and how do they 

address sustainability-related requirements?
 RQ2: How are data spaces currently applied in scientific and 

industrial use cases, and which sustainability aspects are 
covered? 

 RQ3: To what extent do existing approaches enable the 
structured acquisition, interoperability, and automated 
processing of sustainability-relevant data for product 
development? 

 RQ4: What methodological and technical gaps remain in 
current research and practice regarding the integration of 
data spaces into SPD?
This paper is structured as follows: Section 1 introduces the 

research scope and research proposition, in section 2 important 
background aspects are explained. Section 3 presents the 
research design of the literature review, in section 4 the results 
from the literature and desk research analysis are demonstrated. 
In section 5, the results are discussed including limitations. In 
section 6,  the paper concludes with an overview of main results
and the proposal of research activities for following steps.

2. Background and Related Work

2.1. Requirements of Sustainable Product Development

Unlike conventional development approaches, which often 
focus on product performance and cost within limited system 
boundaries, SPD requires a lifecycle perspective and the 
inclusion of environmental and social indicators [8]. SPD aims 
to reduce the environmental impact of product by applying 
various design and assessment methods like LCA and design 
for recycling [2]. Performing different kinds of sustainability 
assessment during product development poses new challenges 
for data collection and delivery. For instance, the quality and 
reliability of the product carbon footprint (PCF) are pivotal in 
determining the quality of decisions regarding material 
selection [9]. The incorporation of sustainability requirements 
early in the product development process is a critical factor in 
the production of more sustainable products [1]. Therefore, the 

consideration of standards and regulations like ISO 14040 and 
sustainability reporting as well as eco-databases become more 
relevant in modern information management [10,11]. In order 
to provide information regarding the environmental 
performance of a product during product development, 
analyses such as LCA data must be accessible across 
organizational boundaries, semantically standardized, and 
suitable for automated processing. These demands highlight 
the need for advanced, distributed data infrastructures such as 
data spaces to support SPD.

2.2. Data Spaces

Data spaces are emerging as a new paradigm for seamless
sharing data across organizations. The goal is to provide a 
technical and organizational infrastructure for decentralized 
data sharing [12]. The concept of data spaces was first 
introduced in the field of computer science as a means to 
integrate data while storing them physically at their respective 
sources [13]. With a shared vocabulary and protocols for 
certification and governance, these data spaces empower users 
by enabling them to maintain ownership and control over their 
data while facilitating semantic interoperability [14]. They can 
be characterized as meta-organizations, which can be used in 
conjunction with central information platforms like internet of 
things (IoT) or the digital twin [12,15]. Key European 
initiatives encompass GAIA-X, Catena-X, and the European 
Data Spaces framework, spanning domains such as automotive, 
manufacturing and health [16,17]. On an international level, the 
International Data Spaces Association provides a reference 
architecture and standards that have been widely adopted 
beyond Europe [18,19]. These characteristics are of particular 
importance for SPD, which requires transparent, high-quality, 
and traceable data from different life cycle phases and from 
different actors [8].

3. Methodology

The investigation presented in this paper is driven by the 
research proposition that data spaces are a suitable approach for 
meeting the requirements of sustainable product development. 
The study is based on desk research to identify suitable data 
spaces and a comprehensive, structured literature review 
(SLR). The desk research focuses on existing data space 
architectures, examining their maturity levels and suitability 
for the application in SPD. Existing data models from industry 
and committee initiatives were researched using the Google 
search engine and expert domain knowledge to include needs 
from the industry.

Based on the results of the desk research, the SLR focuses 
on the use of data spaces and application scenarios in the 
context of sustainability. While taking a general perspective, 
special interest lies in the advanced solutions analysed in the 
first results section. The SLR follows the methodological 
guidelines of vom Brocke [20]. This procedure suggests five 
steps: (1) definition of the review scope, (2) conceptualization 
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of the topic, (3) literature search, (4) analysis of the literature, 
and (5) definition of the research agenda.

The scope of the literature research encompasses domain-
specific solutions and applications of data spaces for 
sustainability derived from scientific publications. The topic is 
therefore narrowed down to LCA, LCI, or life cycle 
management (LCM) in the context of data spaces within the 
scientific database Scopus, one of the world's largest 
bibliographic databases for scientific publications.

The third step includes two literature searches, the first with 
the search string (("LCA" OR "Life Cycle Assessment" OR 
"Life Cycle Inventory" OR "LCI" OR "LCM" OR "Life Cycle 
Management") AND ("data spaces" OR "Data space" OR 
"Datenraum")) applied to the title, abstract, and keywords.

It only yielded six publications and was therefore extended 
to focus on product carbon footprint, circularity, and product 
design. Furthermore, the subject of architecture was expanded 
upon by explicitly referencing administration, asset shell, 
semantics, sub models, PACT, standardization, and the 
Partnership for Carbon Transparency. The second search string 
yielded a total of 25 publications and was constructed as 
follows: ((“data space*“ AND (“Semantic” OR "AAS" OR 
"Submodel" OR "PACT" OR "Standardization" OR 
"partnership for carbon transparency" OR "Administration 
Asset Shell") AND (“product carbon footprint” OR "LCA" 

OR "Life cycle assessment" OR "Life cycle inventory" OR 
"LCI" OR "sustain*" OR "Product design" OR "product
development" OR "Circular Economy" OR "circularity" OR 
"PCF")) in title, abstracts, and keywords.

Two publications were excluded as duplicates from the two 
researches. In the fourth step, an analysis was conducted of the 
remaining 29 publications from both SLRs and the findings 
from the desk research using various criteria. For this purpose,
structured templates were designed that organize the data 
spaces and use cases into multiple predefined criteria. The data 
spaces from the desk research are divided into three categories 
for the purpose of analysis: technical, semantic, and application 
related. The first criterion is the maturity level spanning from 
concepts to pilot phase to mature standards in application. 
Technical criteria include the system architecture and the 
interoperability strategy looking at how the data is stored and 
distributed. The most important semantic criteria are 
sustainability data support, standardized semantic description, 
the mapping of sustainability indicators, and the support of 
context information for LCI and LCA. These criteria aim to 
assess the suitability of the respective data space concept for 
the use in SPD. Lastly, the reference to the Digital Product 
Passport (DPP) as a sustainability standard is investigated.
Three main concepts were considered for further analysis: 
Catena-X, the Partnership for Carbon Transparency (PACT), 
and the Asset Administration Shell (AAS).

The analysis of the SLR results is divided into two 
categories. The first category comprises general information, 
including industry sector, maturity level, and use case 
objective. The second category focuses on detailed criteria, 
including the data space concept, type of sustainability data, 
and technical implementation as well as its purpose. During the 

full-text analysis, 25 publications were excluded according to 
various criteria. Mainly, publications not mentioning topics of 
sustainability and circular economy and exclusively dealing
with industrial context or manufacturing were not considered. 
A further criterion is the description of one or more use-cases, 
followed by a review of the utilized data spaces in the context 
of sustainable product development. Following a 
comprehensive analysis of the available full texts, four 
publications from the SLR have been identified as relevant.
The analysis results of the three data space concepts and the 
four scientific publications are presented in the following 
section.

4. Results of Structured Analysis

4.1. Existing Data Space Architectures

The availability of sustainability-relevant data plays a 
central role for industrial companies to carry out data-based 
analyses that form the basis for optimizations and sustainability 
reporting. Within complex value-adding networks, data spaces 
offer a promising architectural paradigm to support the 
exchange of such data.

An example of such a data space is Catena-X, an open, 
industry-driven data ecosystem for the automotive sector that 
provides standardized, interoperable data models enabling 
traceability, regulatory reporting across the entire value chain 
with its own rulebook for the exchange of PCF data [17]. In
addition to Catena-X, there are other domain-specific 
ecosystems such as Manufacturing-X [21], Aerospace-X [22],
or omega-X [23], which are geared towards the specific needs 
of the domain. Catena-X will be considered in more detail as a 
representative architecture in this analysis due to the maturity 
and spread of its use.

The second architecture examined is the standard by the 
global, cross-industry initiative PACT that enables the 
standardized, secure exchange of PCF data across supply 
chains, supporting regulatory compliance, and scope 3 
transparency [24]. The analysis is supplemented by the 
architecture of the AAS, a standardized digital representation 
of assets, developed by the IDTA, enabling interoperable, 
lifecycle-wide data exchange across industrial ecosystems [25].

Catena-X, PACT and AAS represent different approaches 
for modelling and providing sustainability data and are to be 
examined regarding their suitability for supporting automated 
sustainability data flows.

It should be noted that the models overlap and reference 
each other, for example the AAS is used in Catena-X models.
However, there are fundamental differences in architecture: 
Catena-X is a federated, connector-based data space with Gaia-
X conformity and industry-specific operationalization. PACT
is a technology-agnostic, global framework, independent of 
specific IT infrastructures, and the AAS is a standardized, 
object-oriented representation of assets with submodels for 
sustainability data. The three concepts all support the 
modelling of sustainability data, but with different depth and 
focus: Catena-X integrates domain-specific data flows, PACT 
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focuses on standardized PCF data formats and 
methodological consistency (e.g. Scope 1-3) and the AAS 
offers structured submodels, for example for the PCF. Since the 
AAS has been designed as an expandable architecture for 
different use cases through the submodels, the suitability for 
automated derivation of context information for an LCI/LCA 
is highest here. The other two provide necessary information 
here but must be supplemented by other models. In the future, 
the DPP will serve

as a possible standardized transport container for 
sustainability-relevant data, which must be created or passed 
on by every actor along a value chain. The analysis of the 
architectures shows that either the DPP is already an integral 
part of the concepts, or information is supplied that is essential 
for generating a DPP. Table 1 shows the most important 
findings in a side-by-side comparison.

The primary conclusions of the analysis are as follows: first, 
the existence of architectures such as the AAS that provide a 
technical infrastructure for the structured storage and transfer 
of sustainability data is already evident; and second, the 
existence of pilot projects such as Catena-X that offer a 
domain-specific solution for a concrete data space is also 
apparent. There are also methodological frameworks such as 
PACT, which provide an approach to data exchange that is 
independent of sectors.

4.2. Use Cases from Science and Industry

The analysis of the scientific literature reveals a variety of 
approaches that authors employ in dealing with data spaces and 

SDP. These approaches are focused on a range of use cases and 
methodologies. In general, we determined that the descriptions
of the use cases (UC) are at a low level. Some criteria defined 
in Section 3 could not be answered because of limited
information provided in the manuscripts. The most important 
criteria are listed in Table 2.

Four relevant use cases could be identified from the 28 
papers that address the RQ. Since SDP does not appear to be a 
relevant topic, we have also consulted articles dealing with 
sustainability assessment in general to complete our analysis
identifying the requirements on data spaces in the context of 
SDP. In detail, the four UC differ in level of description of 
“Reference Architectures”, “Use Case Objective”, “Maturity”, 
being primarily concepts or demonstrators from industrial 
research projects. Moreover, they target energy-intensive 
industries, such as the aerospace sector (UC2) and the 
automotive industry (UC3), the latter being shaped by the 
transition to electromobility. Despite their differences, all UC
employ data spaces with a similar purpose of enabling secure 
data exchange, data sovereignty, and interoperability, and
standardized information exchange [26–29].

The primary objective of UC1 is to establish a digital 
platform, MANU-SQUARE, which aims to facilitate the 
connection between suppliers and consumers by addressing the 
issue of underutilized production capacities. The platform is 
designed to integrate sustainability assessments, with a 
particular emphasis on LCA data. The background of the 
development of this platform is to enable the new business 
model (BM) of manufacturing as a service (MaaS). MaaS is a 
new paradigm that allows manufacturers to switch their 
traditional BM, selling physical products, to a modern and 

Table 1: Results of the Structured Analysis of Data Spaces for Sustainable Product Development

Criterion Catena-X initiative by Catena-X 
association

Partnership for Carbon Transparency 
initiative by WBCSD

Asset Administration Shell initiative by 
IDTA

Maturity Level Productive use at companies Productive use at companies Mature standard 

System Architecture Federal, accessed via connectors Federal, technology-agnostic 
framework

Object-oriented, component-based, modular

Interoperability 
Strategy 

Within Catena-X network, through 
common data models & connectors

Open standards & interfaces, cross-
industrial

Open, standardized data model with 
submodels with wide range of applications

Sustainability Data 
Support

Fully integrable by PCF data model Core focus: Exchange and comparison 
of PCF data along the supply chain

Directly addressed by sub-models such as 
PCF

Standardized Semantic 
Description?

Yes, semantic models are developed in 
working groups and published 

Yes, via PACT Technical 
specifications

Yes, via standardized submodels and 
semantic IDs

Mapping of 
Sustainability 
Indicators

Possible via specific data models such 
as PCF

Focus on PCF (Scope 1-3) Possible via submodels (e.g. energy 
consumption, emissions, PCF)

Support of Context 
Information for 
LCI/LCA

Partial support, current PCF models 
include cradle-to-gate and partial LCI 
elements. Full LCA context modeling 
(e.g., process chains, background 
systems) is not yet fully integrated

Partial support, the model includes 
fields for scope (e.g. cradle-to-gate), 
energy source, and methodological 
assumptions. End of life and lifespan 
are not explicitly modeled

Full support – submodels can include scope 
definitions, lifetime, energy source, and end 
of life strategies.

Reference to the DPP DPP is actively implemented as 
reference architecture in automotive 
industry

Designed to integrate/provide a basis 
for DPP

AAS is a possible architecture for the DPP 

Key Insight Data ecosystem for the automotive 
sector that realizes data exchange via 
common data models & connectors

Global standard framework for PCF
transparency, technology-agnostic and 
across all sectors

Technical basis for digital sustainability data, 
highly standardized & modular, based on the 
Digital Twin
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more sustainable BM.
This platform facilitates the aggregation of LCA data from 

suppliers through two distinct methodologies: automated 
determination via IoT devices or manual input, ensuring 
transparency and traceability. Another valuable service being 
offered is the sustainability evaluation of integrated suppliers, 
intending to achieve more sustainable value chains. Critically, 
an international data space (IDS) connector can be integrated 
to ensure a data exchange between the platform participants 
[28].

UC2 presents another platform, the CONTACT Elements 
Platform, which facilitates the integration of data management 
systems and aligns with the principles of AAS and Gaia-X.
Demonstrator projects highlight potential applications for 

sustainable product development. However, the technical 
implementation remains in the conceptual stage. One project in 
particular, PredictECO, aims to evaluate and optimize
sustainability aspects in early product design. In this project,
sustainability data are provided to identify intensive energy 
resource of the product, especially in the product development 
phase [27]. Another goal of this project is to provide decision 
support in the design phase on the basis of LCA data.

While the authors do not present a reference architecture, 
they explain the implementation process and use case concepts. 
For instance, the developers used Python as the programming 
language and IoT for data exchange approach.

UC3 and UC4 focus more on digital twins in product 
development [26,29]. UC3 integrates data spaces and AAS 
submodels to support the collection of sustainability data, while 
UC4 develops an approach to create a DPP, which is tested by 
a manufacturing cell consisting of three modular devices [26].

All four use cases build on established architectural 
frameworks, particularly the AAS and its submodels (e.g. PCF) 
[26,27,29]. Additionally, UC1 and UC3 deploy IDS connectors 
from the Gaia-X ecosystem to implement data spaces [28,29]. 
To enable standardized and secure data exchange, the authors
of UC1 and UC2 profited from the application of IoT, which 
made it easy to import and export data from different 
participants or modular devices [26,27].

Overall, the analysis indicates considerable potential for the 
use of data spaces in SPD. While current research provides 
initial architectures and demonstrators, it lacks depth regarding 
the required data, implementation challenges, and concrete 
applications in sustainable product development. Notably, only 
one case, UC2, explicitly addressed this aspect.

5. Discussion

In addressing RQ1, the comparative analysis of data space 
architectures and use cases suggests that data spaces provide a 
suitable architectural basis for sustainability-related data 
management. Architectures such as the AAS already enable 
structured storage and transfer of product and process 
information, while domain initiatives like Catena-X 
demonstrate end-to-end sharing in automotive supply 
networks. In parallel, frameworks such as PACT outline cross-
sector rules for exchanging carbon-related information. With 
respect to the question of relevance for sustainability, the 
strongest support is observed for the following: (a) structured 
representation and transfer of product data; (b) identity, policy, 
and sovereignty mechanisms for controlled sharing; and (c)
initial semantic models for indicators such as the PCF and 
traceability. LCA needs that require rich context and consistent 
mapping to product components are partially supported. At 
present, direct integrations with major eco-databases and 
robust pipelines for automated life-cycle inventory creation 
receive only marginal support, thus answering RQ3.

With regard to RQ2, although productive architectures such 
as Catena-X and PACT exist, there are few references in the 
literature to the use of data spaces for sustainable product 
development. A commonality of the UCs under consideration 
is the maturity level can be categorized as concepts or in the
pilot phase. Moreover, the central motivation across various 
sectors is the secure, standardized, and interoperable exchange 
of data. Differences can be identified in the objectives with 
regard to sustainable product development. While UC1 and 
UC2 focus on unspecified LCA data, UC3 restricts the focus to 

Table 2: Results of the Structured Analysis of Use Cases

Criterion Use Case 1 Use Case 2 Use Case 3 Use Case 4

Authors / Year Landolfi G.; Barni A.; Izzo 
G.; Fontana A.; Bettoni A. / 
2019

Dickopf T.; Forte S.; 
Weber S.; Stürmer C.; 
Muggeo C. / 2023

Volz F.; Sutschet G.; 
Stojanovic L.; Usländer T. / 
2023

Ajdinović S.; Strljic M.; Lechler 
A.; Riedel O. / 2024

Sector / Stage Manufacturing Manufacturing / Aerospace Automotive Manufacturing

Maturity Level Concept Concept Demonstrator Demonstrator

Use Case Objective Digital Platform to bridge 
the gap between unused 
production capacities

Digital Platform for 
evaluation and optimization 
for reaching sustainability

Building a Digital Twin Developing an approach to 
create a DPP

Data Architecture / Data 
Space Used

IDS Gaia-X; AAS IDS; AAS AAS

Type of Sustainability Data LCA Data LCA Data PCF Data Process Data (e.g., energy 
consumption data)

Purpose of Data Space 
Implementation

Secure and standardized 
data exchange

Structural and standardized 
data exchange

Sovereignty, interoperable, 
secure, and standardized 
data exchange

Interoperable data exchange; 
data storage; Federated and 
secure data infrastructure
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PCF data and UC4 only considers process data like energy 
consumption. Interestingly, no UC could be found using the 
PACT data framework despite it being focused on the PCF. It 
is also noteworthy that only one case (UC2) explicitly 
addresses sustainable product development as a primary design 
target, thereby underscoring a discrepancy between 
demonstrators and operational practice. The depth of data 
granularity, implementation constraints, and validation in real 
engineering workflows remains limited.

6. Conclusion

This paper presented a structured review and analysis of 
existing data space concepts and their respective use case 
applications in scientific literature. The research proposition
posited that data spaces provide a suitable architectural 
foundation for meeting the data requirements of SPD. While
the findings suggest potential in line with RQ4, challenges 
remain regarding semantic alignment, integration of eco-
databases, and the support for automating LCA-relevant 
processes like inventory management. The main conclusions in 
line with the research questions are as follows: (1) There are 
existing approaches for data spaces in which sustainability 
typically is a priority. (2) The suitability of existing data space 
architectures needs to be further investigated regarding their 
utilization in different application scenarios. (3) Existing 
architectures focus on the interoperability and sharing of data 
but lack systematic support of LCA specific context 
information. The authors conclude that there is a need to 
research data spaces regarding interoperability with 
sustainability-relevant data and the interfaces to centralized 
approaches like IoT, Digital Twin technology and the DPP.
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