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Abstract

Circular economy (CE) paradigm fosters manufacturing companies’ sustainability taking place through different circular
manufacturing (CM) strategies. These strategies allow companies to be internally committed to embrace circular values and
to be externally aligned with several stakeholders not necessarily belonging to the same supply chain. Nevertheless, these
CM strategies adoption is limited by heterogeneous barriers, among which the management and sharing of data and infor-
mation remain the most relevant ones, bounding the decision-making process of manufacturers in CM. Moreover, the extant
literature unveiled the need to structure data and information in a reference model to make them usable by manufacturers.
Therefore, the goal of the present work is to propose a reference model by developing a conceptual data model to standardise
and structure the necessary data in CM to support manufacturers’ decision-making process. Through this model, data and
information to be gathered by manufacturers are elucidated, providing an overview of which ones should be managed inter-
nally, and shared externally, clarifying the presence of their mutual interdependencies. The model was conceptualised and
developed relying on the extant literature and improved and validated through academic and industrial experts’ interviews.
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1 Introduction

Circular Economy (CE) is an industrial economy aiming
to restore and regenerate resources (The Ellen MacArthur
Foundation 2015) through several business models like ser-
vitization (Husain et al. 2021). In recent years, CE has been
promoted as driver boosting sustainability and sustainable
manufacturing, taking the name of Circular Manufacturing
(CM) when the concurrent adoption of several CM strategies
(e.g., circular design, servitization, cleaner production, reman-
ufacturing, and recycling) takes place (Acerbi and Taisch
2020a). These strategies allow companies to be internally
committed to embrace circular values and to be externally
aligned with several stakeholders not necessarily belonging
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to the same supply chain. Nevertheless, although the benefits
that could be triggered by this new economy are well known
(Rosa et al. 2018), CM adoption is still constrained due to
heterogeneous barriers, mainly financial, institutional, soci-
etal and infrastructural (Govindan and Hasanagic 2018; Masi
et al. 2018; Tura et al. 2019). Among all, data and information
management and sharing remain among the most difficult to
be overcome (Ritzén and Sandstrom 2017; Acerbi et al. 2020),
especially for discrete manufacturing companies, character-
ised by complex and heterogeneous data and data sources
(Halstenberg et al. 2017). Indeed, although the literature over
CE digitally enabled by Industry 4.0 technologies is quite vast,
there is still an open discussion on how to make it more opera-
tive (Rosa et al. 2020; Agrawal et al. 2021).

Actually, CM benefits can be exploited through the
data collection, analysis, and sharing (Jabbour et al. 2019;
Kouhizadeh et al. 2020), implicitly requiring the preliminary
detection of the necessary data and information to enable
their standardisation (Bianchini et al. 2019). Therefore, in
a recent study (Acerbi et al. 2021), the relevant data and
information required for the adoption of each CM strategy
were identified and a theoretical framework, unveiling the
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main categories of data-driven CM (i.e. product, process,
management, and technology), was proposed. Based on the
results from this previous research, and in accordance with
the necessity to make companies understand how to struc-
ture their data to actuate their potentialities, as highlighted
by Kristoffersen et al. (2019), the present contribution inves-
tigates the mutual inter-connections existing among entities,
also defined as categories of data, like products, processes,
and stakeholders management, relevant to operate in a data-
driven CM context (Acerbi et al. 2021) and to be part of a
sustainable supply chain (Chac6n Vargas et al. 2018). There-
fore, the following Research Question (RQ) is addressed:

RQ1 “How to unveil and to describe the links among
the categories describing data-driven CM?”

Actually, data integration, with a value chain orientation,
needs to first start from the factory inner strategy (Jabbour
et al. 2019). This is required to fully embrace CM, avoiding
to have a silos perspective focused only on single CM strate-
gies. Data integration is the cornerstone to assist information
sharing, by building the creation and absorption of knowl-
edge within a firm, and to stimulate innovation in addressing
business goals in accordance with the absorptive capacity
theory (Huo et al. 2021). In this regard, RQ2 is addressed:

RQ2 “How to develop a model able to integrate the
data and the information related to the categories com-
posing data-driven CM to support the decision-makers
of manufacturing companies?”

Indeed, a conceptual data model, allowing to clarify the
relationships present among the categories characterising
data-driven CM (i.e., considering data as a support for the
concurrent adoption of the several CM strategies), is devel-
oped and validated in this contribution. The extant literature
already presents some works concerning ontologies and data
models developed to embrace CE in manufacturing, building
on data structuring, but they usually limit the attention on a
specific CM strategy (e.g. Sauter and Witjes (2018) focus on
the exchange of resources to establish industrial symbiosis).

Therefore, by addressing RQ1 and RQ?2, the present
study aims to develop a reference model to be instantiated
in different manufacturing contexts. It enables manufactur-
ers to valorise data in CM to support their decision-making
process, by grouping and structuring data into classes and
by elucidating the relevant relationships established among
them. The model has been developed taking in account and
integrating the extant literature to provide a holistic view
on CM through a new conceptual data model. Therefore,
the conceptual data model proposed is not only grounded
on the scientific literature (i.e. the results from a very recent
systematic literature review on the domain of data and infor-
mation management in CM (Acerbi et al. 2021) and further
reviews in boundary domains as data modelling in CM), but

has also been verified and validated through interviews with
both scientific experts and practitioners to ensure consist-
ency and completeness at both the scientific requirements
and industrial needs levels.

This work is structured as follows. In Sect. 2, the research
methodology adopted is described, explaining the research
criteria used from the model conceptualization through its
development up to its verification. In Sect. 3, the model con-
ceptualization phase is presented. After an initial overview
on data-driven CM, in sub-Sect. 3.1 the theoretical founda-
tion on ontologies and data models is reported to elucidate
the technical requirements for structuring data. Then, sub-
Sect. 3.2 provides the literature review performed about
the data models and ontologies so far developed in the CM
context to identify the relevant classes of data. In Sect. 4,
the conceptual data model proposed is described. In Sect. 5,
the validation and verification of the model is presented and
discussed, and the model contributions and implications to
both knowledge and practice, are unveiled. Finally, Sect. 6
concludes the paper by underlining the main contributions
of the research and its limitations opening the way to future
research.

2 Material and methods

To address the research objective of developing the refer-
ence conceptual data model, a mixed usage of research tradi-
tions have been employed, leading to select specific research
methodologies (Sassanelli et al. 2019). Indeed, the research
process started with a literature review to employ an inter-
pretative approach to study the research domain through an
inductive reasoning (Phase 1). Then, modelling has been
used to perform the system development (Phase 2), and
finally experts’ interviews have been required for the sys-
tem refinement (Phase 3). The resulting research process
allowed the conception and development of a comprehensive
model able to address the needs coming from both scientific
literature and industry. Figure 1 depicts the research pro-
cess explaining how these research methodologies have been
articulated and used in the applied research field also indicat-
ing on the arrows the inputs and outputs from/to each phase.
More in detail, these three phases have been addressed in
accordance with the Design Science Research (DSR)
approach proposed by (Peffers et al. 2006), also reminding
the Design Research Methodology main phases (i.e. research
clarification, descriptive study I, prescriptive study, descrip-
tive study II) (Blessing and Chakrabarti 2009). The research
process starts with the problem identification and motivation
(i.e. the need to create a reference model within which all
the data and information for CM are clustered to be used to
make manufacturing companies undertake a path towards
CM including all the different CM strategies at the same
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PHASE 0: PROBLEM Results from Acerbi et al. (2021)
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Fig. 1 Research Design

time), inferring the objectives of a solution. This phase is
named Phase 0 in Fig. 1 since not addressed in this specific
contribution but widely tackled in a previous very recent
literature research in the research domain (Acerbi et al.
2021). Then, an artifact (i.e., the conceptual data model) has
been first conceived in Phase 1 (model conceptualization)
based on the extant literature, and then developed in Phase
2 (model development). Last, the demonstration, evaluation,
and communication of the artifact took place in Phase 3
(model verification and validation).

In particular, in Phase 1, to start conceiving the refer-
ence model, the results coming from the literature review
by Acerbi et al. (2021) were selected and employed as
main input. They consist in a list of data and information,
characterising the several CM strategies, divided in three
categories of data and information (i.e., product, process,
and management) and the necessary related technologies.
The work performed by Acerbi et al. (2021) was taken as
reference since it is the most recent systematic literature
review conducted in this domain (i.e. data and information
for CE adoption in manufacturing companies). This study,
hence, includes all the already developed knowledge infer-
ring the inputs to create a single comprehensive conceptual
data model for CM. Actually, Acerbi et al. (2021), not only
filled the gap about the identification of the required data and
information for each single CM strategy, but also proposed a
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theoretical framework, reported in Fig. 2, useful to pose the
basis to a more comprehensive conceptual data model aim-
ing at including concurrently all the different CM strategies.

In Phase 1, considering the need to provide a holistic
and integrated view on data in CM, also envisaged and
suggested in (Acerbi et al. 2021), a first in-depth literature
review (see sub-Sect. 3.1) was performed to elucidate the
theoretical foundation about ontologies and data models
according to the extant literature, defining the technical
requirements necessary to organize data and informa-
tion for CM into structured classes of data answering to
RQI1. This preliminary review was performed by query-
ing Scopus as follows: TITLE-ABS-KEY (“model*” AND
(“data” OR “information”) AND “manufacturing”), pro-
viding a huge number of results (i.e., 55822 documents)
justified by the consolidated research field. Considering
the high number of contributions, the authors relied on

! l 1
Product Process Management
1 )
| Technology |

Fig.2 Theoretical Framework adapted from (Acerbi et al. 2021)
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the support of academic experts in this specific research
domain. Through a set of interviews, a reference book was
suggested and detected (i.e. (West 2011)), together with a
set of other 13 relevant contributions including two ISO
(International Organization for Standardization) standards.
The eligible documents reviewed led to the selection of
data models as reference models to structure data since
they allow to clarify and make visible the mutual interde-
pendencies among entities.

At the same time, still in Phase 1, the classes of data to
be included in this reference data model were defined start-
ing from the already existing data models for CM selected
from literature (as reported in sub-Sect. 3.2) answering to
RQ2. To review the extant literature, Scopus was queried as
follows: TITLE-ABS-KEY (("circular economy" OR "circu-
lar manufacturing") AND ("data model*" OR "ontolog*")).
Only journal articles and conference proceedings were
selected with an initial output of 22 papers (demonstrat-
ing the embryonal status of this research domain). Among
them, 15 contributions were discarded because not focused
on the manufacturing sector (e.g., the focus was on con-
struction industry) or not focused on CM (e.g., the focus
was only on social sustainability). The eligible papers finally
selected were 7, with 2 additional contributions suggested
by the two academic experts who were also involved in the
previous literature analysis, and 1 additional contribution
about industrial symbiosis that has been added thanks to
the first-round of peer review. These 10 eligible contribu-
tions have been analysed with the aim of investigating the
CM strategies addressed in these works, the main classes
of data individualised and their relationships. The output
of Phase 1 was the model conceptualization (including the
technical requirements to structure data and the main classes
of data required in CM adoption including all the different
CM strategies concurrently).

In Phase 2, using as inputs the above-mentioned results,
i.e., both the model structure and content, the conceptual
data model has been developed. In particular, the modelling
methodology has been employed to structure and standard-
ise the data and information in a reference conceptual data
model for CM. The language adopted is the Unified Mod-
elling Language (UML) Class Diagram (in particular the
UML related ISO (BS ISO/IEC 19505-1 2012a, b)) being
it the most diffused language for data modelling and the
most aligned one with the requirements of this research, i.e.
supporting the decision process in manufacturing compa-
nies (Negri et al. 2016). To graphically represent the model,
the software “Modelio Open Source 4.0” (Modelio 2020)
was used since it includes all the requirements necessary to
develop an UML class diagram, and it is easily accessible
on the web (being an open source software). The output of
Phase 2 has been the development of the conceptual data
model prototype.

Phase 3, keeping as input the conceptual data model pro-
totype developed in Phase 2, aims to improve, verify and
validate it (Mettler 2011). This phase has been performed
though iterative interviews conducted through a series of
workshops organized by the authors with both practitioners
and academics experts.

On one side, the academics interviewed are experts in CE
and data modelling coming from European universities and
research centres (i.e., Italy and Greece). CE experts enabled
to verify the content of the model in terms of data and data
relationships, while data modelling experts enabled to verify
and validate the structure of the model.

On the other side, the practitioners interviewed come
from European companies (i.e., from Italy and Germany)
currently involved in CE-related projects. Both manufactur-
ing companies (e.g., products producers, product recyclers)
and technological consulting companies (e.g. technology
and software consulting) were involved. Indeed, manufac-
turers provide their experience, often limited to their own
company’s boundaries, while the consulting companies pro-
vided additional contributions coming from heterogeneous
realities and they both supported the model validation. In
addition, the consulting companies selected deal with tech-
nology and software to verify and strengthen the importance
of technologies in the model as the means through which
gather, manage, and share data for CM.

Table 1 reports the interviews and interviewees
characteristics.

During the workshops, semi-structured interviews were
conducted (DiCicco-Bloom and Crabtree 2006) to gather
qualitative data for an empirical exploration and verifica-
tion of the results (Maxwell 1997) to create a consistent,
complete and exhaustive model embracing scientific and
practitioner oriented requirements. After having completed
all the interviews, the results were shared with all the other
experts to evaluate whether additional feedback might arise
(further details will be reported in Sect. 5). Therefore, the
output of Phase 3 has been the improved and validated arti-
fact, i.e. the final conceptual data model ready to be used in
manufacturing companies. This final conceptual data model
is the artifact developed to address the problem envisaged
about a reference model including all the data and informa-
tion required to embrace all the CM strategy concurrently.

3 Model conceptualization: literature
review results

The diffusion of CM can be highly facilitated by the adop-
tion of digital technologies (Acerbi and Taisch 2020a)
thanks to their capabilities of gathering and exploiting huge
amount of data which, if properly managed and analysed,
can improve sustainable business performances (Agrawal
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Table 1 Interviews description Interviewee Type of entity belonging Role Domain Country  Interview
code Duration
1 University Researcher CE Italy 3.00 h
2 University Researcher CE Italy 3.00 h
3 Research Centre Researcher CE Greece 4.00 h
4 University Researcher Data Modelling Italy 3.00 h
5 Manufacturing Plant Manager Waste Management Italy 350h
6 Technology Consulting Consultant  ICT Germany 3.50h
Company
7 Recycling Company Manager Recycling Italy 3.00 h
8 Recycling Company Manager Recycling Italy 3.00 h
Recycling Company Manager Recycling Italy 3.00 h

et al. 2021). Data-driven CM has the intention to exploit
data to take proper decisions. Digitization might support
the information sharing intensity (Acerbi et al. 2021), which
represents an essential element in the context of sustain-
ability (Jraisat et al. 2021). Digitization also empowers the
collaboration within a network among several actors, by
also facilitating the knowledge sharing and commitment of
human resources within the same factory, if human resource
management practices are properly conducted (Mukhuty
et al. 2022). Actually, collaboration and exchange of infor-
mation represent fundamental elements in embracing CM,
especially if we look at the creation of industrial symbiosis
networks (Martin and Harris 2018). Therefore, information-
sharing platforms have been developed to facilitate
the exchange of information for instance about localiza-
tion of the actors, and thus of resources to exchange, and
about the costs to operate in such a network (Fraccascia and
Yazan 2018). Among the other possible technologies adopt-
able in data-driven CM, ICT emerged to be relevant espe-
cially as far as Product-Service Systems is concerned thanks
to the possibility to share and manage real-time informa-
tion about the several stakeholders involved (Husain et al.
2021). Moreover, blockchain represents a valid technology
to be used to establish trustful relationships among actors
operating in the same supply chain embracing data-driven
CM, thanks to the possibility to have immutable data and
shared databases (Mukherjee et al. 2021) and to rely on
transparent and traceable data (Upadhyay et al. 2021). Addi-
tionally, data analytics should be performed and, Artificial
Intelligence represents a cornerstone facilitating data-driven
CM adoption in this sense, for instance to easily distinguish
from plastic and glass waste enabling their proper recycling,
and to perform real-time data on energy consumption and
pollution emissions during waste treatments (Agrawal et al.
2021). Nevertheless, although it is visible how digitization
enables to foster the data analysis, this can be done by rely-
ing on several indicators supporting the decision-making
process such as the national indicator for CE proposed by
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(Geng et al. 2012). Therefore, data-driven CM is about
the smart usage of data to embrace CM strategies, where
“smart” is not necessarily linked to the usage of digital tools
even though there is a huge awareness about the potentiali-
ties that digitization has in this context.

3.1 Data structuring for manufacturing and data
model technical requirements

After the clarification of the concept of data-driven CM,
the first in-depth literature review has been performed. This
enabled to understand how to model data in manufacturing
and exploit their value, unveiled the following results.
According to Neligan (2018), so far, the scientific lit-
erature investigating the adoption of digital solutions
to support the implementation of CM strategies often
ignores issues related to data integration. Data integra-
tion covers the preliminary phase towards an appropri-
ate data and information management, since it enables to
combine individual information sources with the business
goals of the involved stakeholders by using the whole set
of data gathered from daily business activities, (Neligan
2018). Data integration facilitates knowledge absorption
of internal functions and enhances companies flexibility
and ability to innovate (Huo et al. 2021). Accordingly,
data models and ontologies are suggested to be used to
streamline information management through data integra-
tion, since they facilitate the creation of a standard lan-
guage through which define and standardise the required
data and information (Polenghi et al. 2019) by supporting
knowledge management (Olivier et al. 2015). Data models
and ontologies allow to store, to easily maintain, to simply
update data, and to support reasoning and interoperability.
Therefore, they enable to represent, in a shared manner,
a specific domain of discourse by creating taxonomies
and by providing relationships among concepts, with a
semantical enrichment that sustains information retrieval
through reasoning (Negri et al. 2016). In manufacturing,
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an ontological framework or a data model must encounter
specific requirements such as the capability to describe the
main resources and the processes involved in the system,
but also their relationships to enable the extraction of rel-
evant knowledge (Zhao et al. 1999). Data models make
companies to improve information quality and to empower
the decision-making process, focusing on those data and
information fitting for purpose (West 2011).

Out of all the possible levels of data modelling (e.g. phys-
ical, logical, conceptual, and etc. (West 2011)), the concep-
tual data model is the only one enabling to organize and
structure data and information covering the manufacturing
business needs, since it is “a structured business view of the
data required to support business processes, record business
events, and track related performance measures” (Sherman
2015). Indeed, conceptual data models are considered the

Table 2 A review on data modeling in CM

CM Strategy addressed

Main Classes of data coherent with  Relationships among the identified Reference
CM (if present) classes (if present)

Industrial Symbiosis

Waste Management, Industrial
Symbiosis

Servitization

High level CE (no specific strategy
addressed)

Recycle, Reuse, Remanufacture,
Closed-Loop Supply chain

Industrial Symbiosis, Resource
Efficiency
Reuse, Remanufacture, Recycle,

Recycling

Remanufacturing

Industrial Symbiosis

e Product,

e Manufacturing Processes,

e External and Internal Stakeholders
(e.g. designer, user etc.)

External stakeholders’ impact on
processes

(Martin Gémez et al. 2018)

e Component, (Alvarez and Ruiz-Puente 2017)
e Material,
o Industrial Symbiosis Partnership

Management

e Product

e Maintenance and Repair

e Customers

e Network and Infrastructure

Customers impact on the services
characteristics

(Vasantha et al. 2015)

e Product, Product, User and Service are (Gligoric et al. 2019)
e Service, indirectly linked
e User

e Raw Material,
o Part Assembly,
e User,

e Reuse,

o Repair,

e Remanufacture,
e Recycle,

o Logistics

Raw Material is linked indirectly with
User and the Circular processes can
happen subsequently

(Mboli et al. 2020)

o Lifecycle Inventory (Belaud et al. 2019)

e Material, Product is linked with repair, reuse, Sauter and Witjes (2018)
e Component, remanufacture, recycle

e Product, The actors (i.e. designer, consumer

e Reuse, etc.) are linked among each other

e Repair, and also with the product and the

e Remanufacture, processes

e Recycle,

e Designer,

e Distributer,
e Manufacturer,

e Consumer

e Product (Matsokis and Kiritsis 2010)
o Material

o Design, They are all linked to the (He et al. 2020)

e Process, manufacturing process

e Remanufacturing,

o Market

e Process The process is the core (Raafat et al. 2013)
o Technology The technology and the resource

e Resource are linked being both classified

o Material as things

The resource is linked with material
being a generalization of material

e Delivery method
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most appropriate analytical tools to organize information
within companies stimulating data sharing (Tupper 2011).
They give an overall view of the structure of data in a busi-
ness context, being independent from the data storage
structure, and allowing to investigate and understand the
enterprise needs, since they can be instanced on different
companies realities (Sherman 2015). They require to respect
simple rules (not constrained by the type of data included
in the model itself), and all the notations of the model must
be simple, memorable and capable (West 2011). In addi-
tion, conceptual data models could be based on different
graphically based languages. Unified Modelling Language
(UML) is one of the most diffused (Negri et al. 2017) and
is composed by classes which are defined through attrib-
utes, or data, that are concretised into instances. The classes
are characterised by specific relationships established with
the other classes of the model (i.e. direct or reflexive asso-
ciations, generalization and composition) (Bachman 1969;
West 2011; BS ISO/IEC 195051 2012a ,b). The relation-
ships among classes are characterised also by specific car-
dinalities (e.g. many-to-many, one-to many etc. (Zhou et al.
2005)).

Summarising the technical requirements, the model
requires to include specific classes of data, named with sim-
ple and memorable notations, characterised by attributes and
relationships established with the other classes.

3.2 Data modelling in circular manufacturing
Ontologies and data models offer to systems higher modu-

larity and flexibility (Negri et al. 2017), characteristics that
would empower firms towards the adoption of CM, that

requires to be able to concurrently evaluate and manage dif-
ferent stakeholders’ objectives and behaviours (Acerbi and
Taisch 2020b). This, for the firm’s perspective, corresponds
to new requirements to be taken into account during the
transition (Braun et al. 2018).

Under a CE perspective, some attempts to structure data
and integrate their different data sources, also belonging
to external enterprises, have been done with the intention
to facilitate the sharing of information (e.g. (Derigent and
Thomas 2016)) and to enhance the interaction and collabo-
ration among different firms (Martin Gomez et al. 2018).
In Table 2, the analysis conducted on the already existing
data models and ontologies for CM is reported. The review
objective stands in the analysis of the classes of data referred
to the different CM strategies addressed in the contributions,
usually with a single CM strategy perspective, and the iden-
tification of the relationships present among the classes of
data to employ this knowledge in a complete model for CM.

So far, in the extant literature, an integrated vision of CM
has been proposed only from an high level perspective by
Gligoric et al. (2019). Nevertheless, it was neither provided
an analysis of the different processes characterising CM,
nor an investigation about the relationships to be established
with the stakeholders involved along the product lifecycle,
inter and intra firms. The other existing models neglect the
holistic view employed by Gligoric et al. (2019), but they
enabled to identify the main classes of data required for the
specific CM strategies, and to detect, whenever present, the
communalities among the classes of data characterising the
distinctive strategies, creating the basement to develop a
complete reference data model for CM where all the classes
of data are simultaneously considered.

Fig.3 CM-Conceptual Data Model
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4 Development of the circular
manufacturing (CM) reference conceptual
data model

Relying on the results presented in Sect. 3, the CM reference
conceptual data model has been developed. It aims to expand
the single CM strategy-perspective adopted traditionally by
scholars, as tracked in Table 2, with the final aim to support
manufacturing companies’ managers in the decision-making
process. Indeed, this model has been developed to create
awareness in manufacturers about the data to be gathered,
both internally and externally to the company, facilitating
data integration for the concurrent adoption of the differ-
ent CM strategies. This awareness makes manufacturers
understand the limits which they might face due to the non-
gathering of specific data, in terms of reduced possibility to
adopt the different CM strategies since their adoption rely on
the same data or on related data. Therefore, if a data about a
specific class is missing, this might hinder the potentialities
of a manufacturing company in implementing several CM
strategies. Indeed, this conceptual data model allows to sup-
port manufacturers in their decision-making process by help-
ing them to decide which type of data they should gather or
use to facilitate their transition towards CM. Further details
are reported in Sect. 5 where managerial implications are
discussed.

The conceptual data model (whose extensive view is
shown in Fig. 3 and then proposed in its detailed parts from
Figs. 4,5,6,7, 8,9, 10) as reference in this domain is con-
stituted by 29 classes of data whose exhaustive explanation
is reported in sub-Sect. 4.1. Each class has been defined
based on the data and information detected in Acerbi et al.
(2021) and the selected existing data models among those
already proposed in the field (see Table 2). These have been
adapted and combined to address the research objective in
the development phase, and further improved through a set
of interviews in the validation phase. The specific classes of
the reference model are reported from Tables 3, 4, 5 and 6
in sub-Sect. 4.1. The extensive results, declining each class
with the attributes, the related definition and type of data
(e.g., integer, string, float) and the examples of instances
gathered during the interviews conducted with practition-
ers, are shown in the Appendix (see from Tables al to a22).
The established relationships among classes of data (i.e.,
compositions or generalization or associations), represented
in Fig. 3 and graphically differentiated through the adoption
of appropriate symbols aligned with the UML standard, are
reported in Table 7 (sub-Sect. 4.2) and extensively described
in Table a22 of the Appendix. In the reference concep-
tual data model depicted in Fig. 3, the four categories of
Acerbi et al. (2021) (i.e., product, process, management and
technologies) are considered the main classes, also called

“father” classes. These classes have been broken down into
specific classes of data according to the results from the lit-
erature. In the next sub-section, this classification is reported
together with the related definitions.

4.1 Conceptual data model structure: classes
of data

As just reported, the conceptual data model employs the
category of data identified in Acerbi et al. (2021), as those
common to the different CM strategies, building on them by
creating the “father” classes of data characterising it. The
first class analysed is the “product” as reported in Fig. 4.

In Table 3 are defined the classes of data related to the
“product” class.

The second class analysed is the “process” one and it is
depicted in Fig. 5.

From “Process” class, many classes of data have been
detected (see Table 4) covering the different internal pro-
cesses, both concerning the traditional manufacturing
processes (e.g., production) and concerning those pro-
cesses established on purpose to become circular (e.g.
recycling), required to be modified, updated or integrated
through the gathering of specific data to fully embrace
CM as reported in Fig. 6.

Regarding the classes of data related with the “Circular
Process” class of data, a detailed view is reported below
in Fig. 7.

Additionally, in Fig. 8 is reported the set of classes of
data related to the “Traditional Manufacturing Process”
class of data.

The third category analysed concerns the “manage-
ment” (see Fig. 9).

The classes developed out of this category are focused
on external entities, being them highly impactful on com-
panies’ activities. Indeed, customers, suppliers, and indus-
trial actors with whom exchange resources, waste and by-
products broken down this category into three classes of
the conceptual data model (see Table 5).

The last class investigated is the “technology” (see
Fig. 10).

Four main groups of technologies and tools were
detected as fundamentals to be introduced for the gather-
ing and management of data in CM. These are reflected
into the classes of data related to the “technology and
tools” class as reported in Table 6.

4.2 Conceptual data model structure: relationships
among classes of data

The classes of the conceptual data model, defined above,
are linked among each other through relationships, that
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Table 3 Definitions of the classes of data referred to the "product" category

Class of Data Reference Table
in supplementary
material

Product The product is an item manufactured by the manufacturing company to satisfy end-users needs with T al

the respect of CE pillars

Component It is a part of the product T a2

Material It is a substance or a mix of substances which are required to be processed to create a product T a3

By-Product It is a secondary product generated during the manufacturing processes T a4

New Product It is core product just produced by the manufacturing company for the direct selling

Turned back product It is a core product which has been turned back once the end-user considers the product as no more T a5

Waste It is the substance to be discarded or treated handling toxic substances and limiting detrimental T a6

social and environmental impacts

can be either direct or indirect whenever other classes are
used as bridge. A summary of the direct relationships is
reported in Table 7 (the relationships among classes are
mutual, but each is reported only once).

Some considerations about the relationships that charac- cesses.

terize the model structure are reported below.

1. The reflexive association on the father class “process”
affects the related children classes, since this type of rela-
tionship stresses the need of data sharing to foster the

concurrent adoption of different strategies and the putting
in place of several processes. Indeed, having for instance
the data necessary to disassemble a product facilitates
the implementation of remanufacturing or recycling pro-

2. The distinction between direct or indirect relation-

ships allows the manufacturer to have the whole picture

Table 4 Definitions of the classes of data characterizing the “process” category

in mind, visualising the mutual impacts present among
the classes of data. This distinction depends on how
strong the relationship is. For instance, the “by-product”

Class of Data

Definition

Reference Table in supplementary material

Process

Traditional Process
Design

Production
Logistics

Reverse Logistics

Internal Logistics
Circular Process

Reuse Process
Recycling Process

Remanufacturing Process

Disassembly Process

It is a set of actions to achieve a certain goal

The traditional process is a set of core manufacturing processes
characterising traditional manufacturing companies which are
majorly influenced due to the transition towards CE

It is the manufacturing process of designing the product by
including CE principles

It is the manufacturing process of producing the product by
respecting CE principles

It is the manufacturing process of managing the warehouse,
the deliveries, and the arrivals of materials, components, new
products, turn-back products and by-products

It is the process enabling the products to be turned back
It is the process enabling to manage all the logistics issues

Circular process is the set of processes required to enable to put
in place, within manufacturing companies, the CM strategies

It is the process enabling to reuse the waste as a resource

It is the process enabling to recycle the products materials
through sub-processes like the sorting

It is the process enabling to remanufacture the product to give it
the original quality

It is the process enabling to disassemble the product into sub-
components

Maintenance, Repair & Overhaul It is the process enabling to provide a maintenance service or a

product repair service to the end user

T a7

n.a. (not specific attributes are required. It
inherits the “process” class attributes)

T a8

T a9

T al0

T all

T al2

Tal3
T al4

T al5

T al6

T al7
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Table 5 Definitions of classes of data characterizing “management” category

Class of Data Definition

Reference Table in
the supplementary
material

Selling & Customers Management

Suppliers Management

Ind

The set of activities necessary to monitor customers demand and behaviour T al8

and, to manage all the selling and the after-sales services

supplier relationship

The set of activities required to manage the supplier selection process and T al9

ustrial Symbiosis Partners Management  The set of activities required to establish strong relationships with industrial T a20
actors external to the supply chain in order to exchange by-products or

waste as resources

is directly related to “industrial symbiosis partners’ man-
agement” since one class can be exploited only if there is
the presence also of the other one. While “material” is not
directly linked to “customer management”, to which class
instead it is linked indirectly through “product” class,
since the selling of the product corresponds the stronger
relationship, and the material comes after. Instead, “mate-
rial” is linked directly to “supplier management” since the
material requirements are guiding element for the choice
of the supplier and vice versa.

3. Direct and indirect relationships can be generated not
necessarily through “father” classes but also through the
“child” classes. Indeed, sometimes specific child classes
must be directly linked to other father classes or among
them to reinforce their role in respect to the others. Below
some examples are reported:

e The “process” class is directly related to the “prod-
uct” class, stressing the need to treat the product
through several processes, and it is linked indirectly
to the “supplier management”, passing through the
composition of “product”, the “material”, directly
linked to the “supplier management” class, since for
instance there is not a direct impact of the type of
process selected on the selection of the suppliers.

e The “by product” class, a generalization, or child, of
the “product” class, is directly linked to “industrial

symbiosis partners’ management” to evaluate the
possible exchanges of resources. Instead, the “turned
back product class”, a child class of “product”, is
directly linked to “customer management” to boost
reasoning on the reverse logistics.

e The “technology and tools” class is related directly to
“process” class, and thus indirectly to all the children
classes, since their adoption enable the gathering and
management of data concerning all the processes.
However, “information systems” is directly related
to “customer management”, “supplier management”,
and “industrial symbiosis partners’ management” to
highlight the need to manage these stakeholders with
specific information systems.

4.3 Conceptual data model structure: relationships
inside the category-related classes of data

Looking at the specific classes characterising the model and
their relationships, the “Product” class is common to most
of the existing models (i.e. (Vasantha et al. 2015; Sauter
and Witjes 2018; Martin Gémez et al. 2018; Gligoric et al.
2019; Acerbi et al. 2021), representing the central element
of the transition towards CM. Actually, the “product” class is
characterised by its attributes, but in CM both “component”
and “material” classes gain a prominent role (i.e. (Alvarez

Table 6 Definitions of classes of data characterizing “technology” category

Class of Data Definition Reference Table in
the supplementary
material

Technology and Tools The set of technologies and tools supporting the tradition towards CE of the manufacturing T a2l

company
Industry 4.0 Industry 4.0 are all the enabling technologies characterising Industry 4.0 paradigm

Information System

Authoring Tools

manufacturing companies

The set of traditional information systems (e.g. Enterprise Resource Planning) adopted in

The set of tools supporting design coordinating activities

Sustainable Technologies  The set of technologies supporting sustainable performances of systems (e.g., positive
environmental impacts thanks to optimised energy consumptions)

&
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Table 7 Classes of Data and
Relationships

Entity Related Entity Type of relation
Product Component Composition
By-Product Generalization
Core Product Generalization
Process Association (n,n)
Design Association (n,n)
Waste Generalization
Component Material Composition
Material Supplier Management Association (n,n)
By-Product Industrial Symbiosis Association (n,n)

Core Product

Turned Back Product

Process

Circular Process

Traditional Process

Design

Logistics

Supplier Management

Selling & Customers Management

Industrial Symbiosis Partners Management

Technology and Tools

Reuse

New Product

Turned Back Product

Circular Process

Reverse Logistics

Customer Management

Process

Circular Process

Traditional Manufacturing Process
Industry 4.0

Information System
Sustainable Technology

Reuse

Recycling Process
Remanufacturing Process
Disassembling Process
Maintenance, Repair and Overhaul
Design

Production

Logistics

Customers Management
Authoring Tools

Reverse Logistics
Internal Logistics
Supplier Management
Information System
Information System
Waste

Maintenance, Repair and Overhaul
Waste

Information System
Industry 4.0

Information System
Authoring Tools
Sustainable Technology

Association (n,n)
Generalization
Generalization
Association
Association (n,n)
Association (n,n)
Association (n,n)
Generalization
Generalization
Association
(n,n)
Association
(n,n)
Association
(n,n)
Generalization
Generalization
Generalization
Generalization
Generalization
Generalization
Generalization
Generalization
Association (n,n)
Association (n,n)
Generalization
Generalization
Association (n,n)
Association (n,1)
Association (n,1)
Association (1,1)
Association (1,1)
Association (n,n)
Association (n,1)
Generalization
Generalization
Generalization

Generalization
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and Ruiz-Puente 2017; Sauter and Witjes 2018; Mboli et al.
2020), thus deserving to be elected as separated classes and
not considered only as product attributes (this point was also
suggested during the first interview with academics). Moreo-
ver, the “by-product” class was added, and its specific attrib-
utes were defined after the first interview with academics.

Concerning the “process” class, Martin Gémez et al. (2018)
highlighted the need to include the traditional manufacturing
processes classes (e.g. design) also in a CM-oriented data
models, while Mboli et al. (2020) and Sauter and Witjes (2018)
added the classes concerning CM-related processes (e.g.
remanufacturing, recycling, reuse). In addition, (Vasantha et al.
2015; Sauter and Witjes 2018; Gligoric et al. 2019; Mboli et al.
2020) considered important to add a class regarding the repair
and maintenance of products, and thus the data model devel-
oped includes the “Maintenance, Repair & Overhaul” class
which covers the data referred to services provided to extend
the product lifecycle. Therefore, considering also that some
data is shared among the classes of data above reported, the
“process” class is the generalization of two other classes: “tra-
ditional manufacturing processes” and “circular processes”,
which respectively grouped under themselves other distinc-
tive classes (see Fig. 5). This choice was also reinforced by
the interviews conducted with practitioners who considered
important to have a clear idea about traditional process data
and circular-oriented process data.

Moving to attention to the management-related class,
the consumer is considered a relevant class in literature
(i.e. (Vasantha et al. 2015; Sauter and Witjes 2018; Martin
Goémez et al. 2018; Gligoric et al. 2019; Mboli et al. 2020)).
Therefore, the “selling & customer management” has been
inserted as a separate class in the proposed model in align-
ment also with suggestions from the interviewees.

In addition, suppliers and industrial symbiosis partners-
related classes were included as other two separate classes.
The “supplier management” class is especially important
for the strong link with the material selection process which

Table 8 Interviews questions

gains a relevant position in CM, and during the interviews
emerged the importance to evaluate the location of the sup-
pliers to decide the type of relationship to establish with
them, thus the “facility location” was added as attribute.
The “industrial symbiosis management” class has been
inserted to enable the manufacturers adopting this model to
be open to exploit synergies with external industrial actors
in exchanging by-products or other resources.

The “technology and tools” class is also recognised as an
important class by (Vasantha et al. 2015). The four types of
technologies individualized from the previous study (Acerbi
et al. 2021) correspond here to specific and separate classes
to make visible the relationships with the other classes as
above reported. They all inherit the type of attributes of the
“technology and tools” which then are instantiated differ-
ently according to the class.

5 Model discussion, verification,
and validation

The conceptual data model developed is not-sector specific,
since CM has the embedded potentiality to increase compa-
nies’ flexibility in optimizing resource usage, by relying on
both cross-sectors and within-sectors exchanges of resources
(Herczeg et al. 2018). To verify and validate the reliability
of the model from both a scientific and industrial perspective
and to discuss the applicability of the model in industrial
manufacturing companies, the model verification and valida-
tion was performed through a series of workshops involving
both academics and practitioners’ experts. The interviews
during the workshops were based on the questions reported
in Table 8.

A summary of the feedback collected through the work-
shops is reported in Table 9 and furtherly discussed below,
underlining both theoretical and managerial implications of
the model.

Workshops Interviewees Main Questions
(From Table 1)

1% 1,2,3 e Are the classes of data exhaustive in terms of attributes?
e Can the classes of data cover the needed data to undertake a transition towards CM?
o Are the relationships among classes of data exhaustive?

ond 5,6,7,8,9 o Are the classes of data exhaustive in terms of attributes?
e Can the classes of data cover the needed data to undertake a transition towards CM?
o Are the relationships among classes of data exhaustive and easily to be understood?

31 3,4 o [s the conceptual data model properly structured and easy to be used?
o Are the relationships among classes of data clear and exhaustive?

4t 1,2,3,4,5,6,7,8,9 o Is now the conceptual data model complete and easy to be used?

o (Only to practitioners) Can you try to use the model by instantiating the classes
with some attribute?
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Table 9 Feedback from interviews

Workshops Interviewees Main Feedbacks

(From Table 1)

I 1,2,3

“Waste” class added as a separated class

“By-products” added as a separated class
The type of consumers (B2B or B2C) to be considered was inserted

ond 5,6,7,8,9

Extension of the ISO to be included in the model as required attributes (i.e. from the only environmental ISO

to the waste management, design for X, quality ISO and etc.)

Supplier location added in the “supplier management” as another attribute

“Selling” class was included in the “customer management” class, since according to an expert the “selling”
is the basement to ensure product circularity also opening the way for secondary markets, and thus it
must be aligned with the customer management. In line with this comment, also attributes regarding the
transactions were added within this class

Create a distinction among traditional manufacturing processes and circular processes

Insert as new attribute to technologies and processes the required skills

3 3,4
a composition

2

The association relationship among “product”, “component” and “material” classes has been converted into

Direct relationships present among specific classes have been underlined

4th 1,2,3,4,5,6,7,8,9 The final model has been verified on the interviewees’ reference contexts by instantiating it within their
companies or considering past experiences

5.1 Scientific verification and validation

Starting with scientific experts, they analysed and discussed
the classes of data and their relationships by evaluating their
completeness and coherence in accordance with their experi-
ence in the CE domain. The academic experts involved firstly
provided some suggestions about possible new classes to
be inserted in the model. For instance, “waste” (previously
included in the “material”) became a separate class to cre-
ate direct relationships with other classes, among which the
“industrial symbiosis partnership management” and “con-
sumer management”’, making visible the potentialities from
waste exchange and treatment. Besides, the “by-product” has
been added as a separate class after the following statement:
“by-products existence is critical for CE, and to be similarly
attractive to a core product, attributes like strength, integrity
and usability need to be monitored to the by-products”. More-
over, another aspect underlined regards the lack of knowledge
on consumer behaviours and type, and the importance of the
product “selling” information, since according to them “the
selling is the major part of circularity as this will enable the
different streams Business to Business (B2B), Business to
Customers (B2C), but it is also important in the context of
a secondary market with these two parties”. Therefore, the
type of customer (i.e. B2B or B2C) was added as attribute of
“customers’ management” class.

Although some suggestions were given, the scientific
experts considered the model a comprehensive picture of
the data and the information required in CM covering the
gap envisioned in the scientific literature about the pres-
ence of models limited only to a single CM strategy while
lacking a comprehensive reference data model. According
to them, from a scientific perspective, this model enables

to merge the scattered knowledge already present in the
extant literature by developing a reference conceptual data
model aiming at structuring and standardising into classes
the data required for CM, to elucidate their mutual relation-
ships and impacts.

5.2 Practical verification and validation

Moving to practitioners, the verification and validation process
have been conducted by screening the entire conceptual data
model content trying also to implement it in their industrial
contexts. In doing that, they provided some feedback. For
instance, they underlined the need to include the required skills
and knowledge to implement a certain process, thus “skills and
knowledge about the process” was added as attribute of the
“process” class. The same was stressed for the “technology and
tools” class. Actually, the experts emphasised the exhaustive-
ness and completeness of the model that somehow can scare
small and medium enterprise (SMEs) due to the lack of data.
This encouraged the authors to ensure the model modularity
allowing to instantiate the model according to the company’s
specifications. For instance, the definition of two main classes
of data regarding the processes (i.e., “traditional manufactur-
ing processes” and “circular process”) allows to perform a
separated analysis on the already implemented processes, out
of which some more data is required to be collected to be
adherent to circular values, and on the circular oriented pro-
cesses that should be implemented ad hoc for the transition.
Last, practitioners suggested to investigate in future research
the potential new procedures to be adopted by manufacturers
to gather some of the data and the information reported in the
model (as the case of the attribute “Supplier Local Community
Influence” which might require new procedures).
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6 Conclusions

This research was aimed at structuring data and informa-
tion concerning CM in a reference conceptual data model
to facilitate their management to support the decision-
making process of manufacturers while embracing CM.
The trigger of the study has been the lack in the extant
literature of a complete data model to be kept as reference
allowing to address multiple concurrent CM strategies to
be considered in manufacturing based on the structuring
of data and information to make them operationalised in
this context. To do this, a conceptual data model has been
developed, verified and validated through scientific litera-
ture and experts’ interviews (involving both practitioners
and academics experts).

The model, thus the artifact, raises and creates aware-
ness about the data required by manufacturers to embrace
CM and to generate consciousness about the need to use
both internal and external data to succeed in this path.
Indeed, having this holistic view, manufacturers are aware
of the type of data required in CM, how detrimental is
the lack of a specific data in limiting resource circularity,
and how resources coming from external entities could be
used in case appropriate information are available. This
model promotes the collaboration among enterprises in
an integrated way based on data. Indeed, the classes of
data, with the relative attributes, provide the big picture
without forcing the single manufacturer in implementing
everything together from the beginning, but only under-
lining the data requirements to become, also gradually, an
enabler or promoter of CM.

This conceptual data model, can be considered the base-
ment upon which start tracking data on flows in a more
specific way, encouraging a smoother analysis of circular
performances. Indeed, the modularity of the model allows
manufacturing companies to gradually apply it, highlight-
ing the need to develop, based on this model, a maturity
assessment facilitating the usage of this reference model.
Theoretical, practitioners and managerial implications
coming from this research are worth to be reported.

6.1 Theoretical implications

Regarding the theoretical implications, based on these sug-
gestions and feedback, the model was improved and then
validated. This finally allowed to add a small brick to the
scientific literature creating a reference conceptual data
model for CM. This research enables to create the ground
to data integration by ensuring a holistic view over the
several existing CM strategies simultaneously. Thus, this
conceptual data model can be considered as a reference in
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this domain since it elucidates in a structured and complete
way the required classes of data in CM without employ-
ing a silos perspective over a single strategy as stated by
the interviewees. Moreover, this model contributes to
the absorptive capacity theory in assisting manufactur-
ing companies in integrating and sharing information by
enhancing their knowledge towards circular-driven innova-
tions. In addition, the model triggers the need to develop
a standard language in future research.

6.2 Practical implications

Regarding the practitioners’ implications, modelling data in
a conceptual data model, where the classes of data and their
relationships are easily visible, facilitates data exploitation
in embracing CM and it enables to provide companies, and
more specifically manufacturers, with a holistic picture of
the entire system including both internal and external neces-
sary data. The relationships among classes enable to better
understand why and when the different data must be used,
and they also make aware the manufacturer about the miss-
ing option/s at the current state of the company by opening
new opportunities. In addition, practitioners, thanks to the
adoption of this reference conceptual data model, can be
facilitated in improving practices like data management,
knowledge management, innovation management, custom-
ers’ and suppliers’ relationships management. Moreover, the
model could be also useful to pave the way to find opportuni-
ties for co-designing circular solutions by relying on the data
gathered from external entities.

More specifically, by relying on this reference conceptual
data model, manufacturers are supported, at a preliminary
stage, in their decision-making process since the reference
conceptual data model makes them highlight the main data-
related issues, in terms of wrong and fuzzy decisions which
might arise whenever specific data are not gathered or used.
For instance, focusing the attention on the “material” class,
collecting data about material allows the manufacturer to
take decisions on how to treat the materials used, to evalu-
ate how to manage potential industrial waste generated, to
decide in which type of technologies they should invest in
order to manage a specific material type, to decide which
processes need to be empowered, and to decide the char-
acteristics required by a supplier to be selected to ensure a
certain level of circularity in their designed products. The
“material” class is also indirectly related to “process” class
and thus, the manufacturer can evaluate the data available
about the material and then about the product to decide
whether it is possible to think about a recycling of the mate-
rial under analysis or not and he can also start monitoring
the material consumptions registered during the production
processes for example. In addition, looking at the “process”
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class, the data concerning this class stimulates the develop-
ment of specific Key Performance Indicators related to dif-
ferent processes, both traditional or circular, to concretely
keep under control the organization’s circular performances
and put in practice actions according to the state. All these
decisions are stimulated by this reference conceptual data
model which hence does not support a what if analysis or
simulated scenarios, but it only aims to create the ground
defining the data and information able to support manu-
facturers in directing their decisions while embracing CM.
Therefore, it does not support the manufacturer in taking the
correct choice but only in understanding the panel of deci-
sions which should be taken into account whenever a CM-
oriented transition is tackled by a manufacturing company.
In addition, it allows manufacturers to evaluate the required
data to be gathered in this context leading to data integra-
tion. This support is possible thanks to the relationships
visible in the conceptual data model previously reported
in Fig. 3.

6.3 Managerial implications

Regarding the managerial implications, the present work
provides a decision-support tool for manufacturers willing
to make their companies embracing CM, by enabling them
to consider all the interested data and evaluate their mutual
interactions. This model represents a strategic tool that con-
tributes to practice:

e enabling to analytically explore in a deeper way the entire
value chain in which the manufacturing company oper-
ates,

¢ allowing to envisage all the key classes of data necessary
to be considered in CM to take decisions,

e enhancing data value in pursuing this transition,

e casing the operationalisation of strategic intensions and
facilitating the transition towards CM relying on data

6.4 Limitations and future works

As final remark, some limitations are worth to be reported,
opening the way to future research.

e It has not been performed an empirical analysis over a
prolonged time horizon involving a specific manufac-
turing company or a supply chain. Therefore, in future
research this point needs to be addressed to evaluate the
benefits obtained on the long run and to better investigate
the complexity to be addressed at the supply chain level
when open and closed loops are established;

e as far as emerged from the interviews, the reference
model may be difficult to be instantiated in SMEs due

to its complexity and the extensive structure that it has.
This encouraged the development of a modular model
leading to the creation, in future researches, of a matu-
rity model allowing to support the path of manufacturers
along subsequent levels of data exploitation for enhanced
circularity;

e the difficulty in instantiating the reference model is also
connected to the lack of structured procedures about data
gathering, which must be studied in future researches;

e data gathering difficulties are also linked to the data
sharing problem which is usually encountered due to the
absence of the necessary technologies and limited sup-
port from external actors. To solve this issue, tailored
actions are supposed to be put in practice by policymak-
ers on one side and on the other side information systems
interoperability should be guaranteed;

e last, the specific procedures to be put in practice by prac-
titioners can be furtherly investigated to provide prescrip-
tive directions to be implemented when the conceptual
data model is used.

As final remark, potential implications from this research
for policymakers are worthy to be highlighted. Policymak-
ers, by relying on this model, can sustain and direct tailored
future scientific research and practitioners’ investments
to help companies in pursuing a data-driven circular path
fostering data sharing with adequate data protection poli-
cies, facilitating manufacturers in addressing what is pro-
posed in the “Circular Economy Action Plan” (European
Commission 2020).
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