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The Circular Economy has been pointed out by scholars and policymakers as a promis-
ing approach to decouple economic growth from resource consumption and waste gen-
eration [1,2]. Companies fully embracing a Circular Economy can potentially advance
sustainability without compromising the competitiveness of value chains. Unfortunately,
several challenges arise in this transformation [3]. Nevertheless, the digital age we live in
offers companies many opportunities for overcoming such challenges [4] since digital tech-
nologies can support the implementation of Circular Economy strategies into businesses
by enabling the redesign of products, business models, consumption patterns, and value
chains [5].

To advance the discussion on these aspects, the Special Issue ‘Circular Economy
in the Digital Age’ called for a more critical discussion on the emerging Smart Circular
Economy paradigm [6]. In response, eight articles were received and published, with
original contributions to both theory and practice. These papers are briefly illustrated in
this Editorial in a sequence that starts from the theoretical basis (e.g., literature reviews
and conceptual development) to practical implementation aspects of the Smart Circular
Economy paradigm (practices, drivers, and barriers).

The paper by De Felice and Petrillo [7] investigated how digital technologies can
support a Circular Economy, identifying the current state of the art as well as defining new
future research developments in this field. To pursue such an aim, the authors carried out a
systematic literature review by integrating the PRISMA protocol—i.e., a systematic tool that
guides the process of identification, screening, eligibility, and inclusion of articles—with
the Analytic Hierarchy Process (AHP) technique—i.e., a multi-criteria decision-supporting
procedure that allows experts to compare alternatives and define hierarchies, in this case
among keywords to be used in the search for articles. The authors selected 104 documents
and analyzed them under the lens of the RESOLVE framework, the EU Eco-Innovation
Plan, digital technologies, business models, and the Sustainable Development Goals. They
found that previous literature on digitalization and Circular Economy only analyzed a few
digital technologies at a time and only focused on specific sectors and aspects, failing to
approach the problem from a systemic point of view. From a practical point of view, they
recognized the lack of interoperable solutions and communication protocols as the main
factor hindering innovation adoption and the ecological transition. To overcome these
challenges, an integrated approach combining technology, legislation, and cooperation of
all the stakeholders on a global scale is required. They finally recognized the necessity to
process and analyze data in only a few minutes to enable Circular Economy applications in
industrial settings (such as predictive maintenance) as well as in urban environments (such
as the development of smart cities to solve traffic-related pollution problems). Quantum
computers—rather than traditional ones—seem to be promising for these scenarios.
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The paper by Bressanelli, Adrodegari, Pigosso, and Parida [6] reviewed the literature
to provide a definition of the Smart Circular Economy paradigm as an emergent phe-
nomenon. The authors define the Smart Circular Economy paradigm as ‘an industrial system
that uses digital technologies along the product lifecycle phases to implement circular strategies,
leading to an increased environmental, social, and economic performance for the value chain ecosys-
tem.” Following this definition, the authors propose a framework to consolidate the main
concepts underlying the Smart Circular Economy paradigm. The framework suggests
that digitalization, fueled by the application of a diverse range of digital technologies,
enables a systemic redesign of products, business models, and value chains, impacting all
the lifecycle phases of products to reduce material and energy consumption, and reuse,
remanufacture, and recycle products, components, and materials. This, in turn, promotes
the creation of value and the achievement of enhanced sustainability performance in terms
of environmental, economic, and social benefits.

The paper by Preut, Kopka, and Clausen [8] presented the potential contributions of
digital twins to the management of circular supply chains and the circularity of resources.
Through a literature review and a process and stakeholder analysis, the authors derived
and validated a working definition for the digital twin concept and identified the main
information requirements for the stakeholders of a circular supply chain based on a digital
twin. According to the proposed definition, digital twins can be defined based on eight
key characteristics: a digital twin is (i) a virtual collection of information for (ii) a specific
(planned or existing) product, (iii) which is described from an atomic to a macro level,
(iv) following a distributed, decentralized structure for managing information (v) along
the entire product lifecycle, (vi) based on a physical information link with the real product
and on (vii) a (if possible) real-time data transmission system (viii) embedded in a suitable
software and hardware environment. For each stakeholder involved in a circular supply
chain, the authors also identified the information requirements and the potential infor-
mation sources needed to develop the digital twin concept. For instance, repair service
providers require information on the condition and disassembly details of the product to
be able to carry out tests and repairs accordingly. The authors concluded that, although
the use of digital twins in the context of the Circular Economy is still in its infancy, circular
supply chains can benefit from digital twins, as they contribute to the better acquisition,
consolidation, and provision of relevant information at the right points in the cycle. The
authors highlighted that future research still needs to address issues related to data security,
data protection, and the integration of various heterogeneous information systems from
different stakeholders, especially by providing specific use-case implementation of the
digital twin concept.

The paper by Izmirli, Ekren, Kumar, and Pongsakornrungsilp [9] studied different
lateral inventory share policies on a digitalized omni-channel supply chain, in which each
network shares real-time inventory data and demand information with each other, enabled
by IoT. In fact, implementing a lateral inventory share policy allows inventory data to be
shared between the same echelon locations in the supply chain, as physical and online
channels are managed together, and online/offline stores are connected under an IoT envi-
ronment. In doing so, the authors designed an (s, S) inventory control policy model (where
s is the re-order point, and S is the order-up to level inventory) and simulated different
share policies by using Arena software and the OptQuest tool. Simulation results were
compared in terms of logistics costs, transportation frequency, and inventory. According
to the results, lateral inventory share policies provided better total network costs than
alternatives. Results showed how optimized inventory management contributes to the
Circular Economy by simultaneously decreasing holding and transportation costs and by
ensuring environmental sustainability through the reduction in transportation frequency
and CO, emissions in the supply chain.

The paper by Andersen and Jeeger [10] investigated how manufacturers of Electrical
and Electronic Equipment (EEE) can build upon the Extended Producer Responsibility
(EPR) to increase the circularity of products. In fact, the polluter-pays principle underlying
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the EPR requires producers to bear the costs of waste management, shifting the focus of
manufacturers to taking explicit responsibility for the end of life of their products. The
authors developed a model to conceptualize information flows during the lifecycle of a
product. The model was based on edge data collection and distributed ledger technology.
The authors demonstrated the conceptual model through a case study on lighting equip-
ment. Based on their findings, the authors conceptualized three fundamental principles.
The first principle—serialize product identifiers—stated that each product should have
a unique identifier based on global identification standards. The second principle—data
collection and storage at the edge—stated that each actor should act on data at the source
(edge), following the edge computing paradigm, to have complete control over data and to
only expose the information that they are willing to share. The last principle—employing
public distributed ledger—stated that, to meet the challenge of having persistent infor-
mation regarding products over time, public distributed ledger technologies based on a
blockchain should be employed. Thanks to this model, different circular supply chain
actors can write to the distributed ledger and find information on the product (such as
disassembly procedures) using the product serialized identifier as a key. Nevertheless, more
research should be carried out on the development of common standards and protocols, as
well as on incentives to encourage supply chain actors to share information.

The paper by Cetin, De Wolf, and Bocken [11] investigated which digital technologies
can potentially enable the Circular Economy in the built environment, exploring different
methods and implementation paths. This is relevant because few studies have investigated
how digitalization could enable the Circular Economy in the construction industry and
because the built environment consists of several interconnected systems (buildings, infras-
tructures, and cities) and numerous actors. To pursue such an aim, the authors adopted an
iterative method following four steps. First, they developed a framework to depict the role
of digital technologies for the built environment across the building lifecycle stages and
the Circular Economy resources principles of regenerating, narrowing, slowing, closing,
and collaborating. Second, they carried out three expert workshops to deepen the usage
of digital technologies to enable a circular built environment and to map them onto the
framework. Third, the authors carried out a literature review to further fill the framework.
Lastly, the authors synthesized the results of all the preceding steps into the framework.
Accordingly, ten enabling digital technologies to support the transition of the construction
industry towards the Circular Economy were identified and contextualized. The authors
found that additive manufacturing is prominent for regeneration purposes, as it enables
the use of bio-based materials in the construction industry, building information modeling
is employed especially for the “design for reversibility” of buildings and to optimize the
operational performance of buildings during usage, and digital marketplaces are seen as
essential for the creation of a market for secondary building materials when they reach the
end of life. Nevertheless, the authors recognized that most digital technologies interact
with each other to perform specific tasks. Practitioners in the construction industry are
invited to use the framework to create roadmaps for implementing the Circular Economy
in the built environment, to highlight each possible strategy and the related enabling
digital technologies.

The paper by Magrini, Nicolas, Berg, Bellini, Paolini, Vincenti, Campadello, and
Bonoli [12] discussed the application of the IoT and distributed ledger technologies based
on blockchain to enable different Circular Economy strategies for the professional electronic
equipment industry. Electronic value chains are long, complex, and often go outside
national boundaries; therefore, they represent a promising arena to test the potential of
digitalization and information sharing. The authors investigated such a digital approach
through a case study on five Italian companies in the electronics supply chain. Moreover,
they tested the conceptualized IoT /blockchain system at the laboratory scale. Four business
models were investigated. The first one prioritized repair and reuse strategies. The second
business model also included recycling, while the third one added the involvement of
final customers through a system of incentives based on smart contracts in the blockchain.
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Finally, the fourth business model considered a product-as-a-service solution, where the
manufacturer retained the ownership of the product and received a fixed monthly fee
for the usage of the product by customers. The authors found that four types of data
should be collected for the professional electronics supply chain: (i) data generated by
each actor in the value chain; (ii) data collected in a centralized manner by the focal actor;
(iii) IoT data that are autonomously generated by the product; and (iv) crowdsourcing data
that are generated by customers. The authors concluded that the application of the IoT
and blockchain helps manufacturers to control their electronics products across the entire
lifecycle, going beyond traditional approaches only focused on manufacturing or waste
management. Nevertheless, future research should assess the environmental consequences
of circular business models enabled through energy-hungry digital technologies such as
the IoT or blockchain, as rebound effects should be avoided.

Finally, the paper by Vacchi, Siligardi, Cedillo-Gonzalez, Ferrari, and Settembre-
Blundo [13] developed and applied Ecodesign principles based on the integration of the
IoT, Big Data, Life Cycle Assessment, and material microstructural analysis in the Italian
ceramic tile manufacturing industry. In particular, the paper focused on the transformation
of Big Data into Smart Data (i.e., Big Data able to generate value) for the redesign of the
product and of the input sourcing system. To achieve this goal, the authors developed an
Ecodesign model and validated it at the laboratory scale and in a pilot environment, where
chemical analyses of different raw materials were performed. The authors also carried out
a Life Cycle Assessment to understand the environmental impact of 1 m? of ceramic tiles
in five different sourcing scenarios by changing the supply and sourcing of raw materials.
Big Data were used to feed the Life Cycle Assessment and microstructural analyses of
materials. The results showed that Ecodesign improves the environmental performance
of the ceramic product. Overall, the study provided empirical validation of the enabling
potential of digital technologies for a Circular Economy based on Ecodesign in the Italian
ceramic tile manufacturing industry.

Although existing studies have provided relevant contributions to the literature [14-18],
they fail to stress the whole range of research perspectives in the domain of the Smart
Circular Economy paradigm. We believe that the eight published papers in this Special Issue
will provide a significant contribution both to academia and the managerial community,
stimulating the debate on the possible ways in which digital technologies can enable the
Smart Circular Economy paradigm in the Digital Age in which we live. We thus hope that
this Editorial will inspire future researchers in advancing theories on these topics and their
interlinkages, as well as in enriching practical implications in future studies. Given the
richness of the case studies and practical applications reported in this Special Issue, we
are also confident that professionals and practitioners could gain inspiration and relevant
insights from this Special Issue, to master the transformation process towards a Smart
Circular Economy in their companies. Finally, we are aware that several research questions
remain unanswered in the complex domain of the Smart Circular Economy paradigm.
We, therefore, reinforce our call for new research on Circular Economy in the Digital Age,
especially following the research directions drafted in [6] about the need to:

(i.) Develop research objectives and methodologies from exploratory to confirmatory
purposes—e.g., by postulating hypotheses and constructs of the Smart Circular Econ-
omy theory and by statistically testing them—and from descriptive research to pre-
scriptive frameworks to support decision-making activities, also relying on a variety
of research objectives and methods.

(ii.) Move the focus from single organizations to the entire ecosystem of stakeholders, to
shift away from the burdens of single organizations, thus extending the research scope
to the entire network of actors, focusing on defining incentives (e.g., financial ones)
and requirements (e.g., legislative ones) to encourage cooperation and information
sharing in circular value chains, for both native Circular Economy companies and
adopters, highlighting their differences and similarities.
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(iii.) Combine different enabling digital technologies and study their interlinked effects on
the Circular Economy, to provide a more comprehensive picture of the combined role
of different digital technologies for the Smart Circular Economy paradigm, leveraging
on their synergistic potential and addressing the practical lack of common interopera-
ble solutions and communication protocols, or advancing the IoT and Big Data debate
between edge and cloud computing.

(iv.) Assess the environmental impact of digital technologies involved with the Circular
Economy through Life Cycle Assessment to show whether and in which conditions
environmental gains offset their intrinsic environmental issues, as to consider potential
trade-offs and rebound effects connected to the implementation of such technologies.
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