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Abstract: The Circular Economy is vital for achieving emission targets and
protecting the planet. This is particularly true for the industrial sector, where
recycling, refurbishing, and remanufacturing are essential. These strategies
benefit greatly from comprehensive product lifecycle data. However, despite the
availability of relevant technological innovations, companies struggle to collect
and utilize such data. Our research addresses this challenge by introducing a
novel framework to help practitioners integrate existing and emerging
digitalization technologies along the product lifecycle. This framework guides
the identification, selection, and prioritization of digitalization technologies that
enhance the generation and utilization of lifecycle data. Simultaneously, it
ensures the efficient integration with overarching Circular Economy strategies.
We illustrate the application of this framework through a case study from a
publicly funded research project in Germany. The case study focuses on
calculating product-specific carbon footprints and integrating this information,
enriched with additional data, into operations-level decision-making processes.

Keywords: Circular Economy; digitalization innovation; product lifecycle data;
remanufacturing; recycling; refurbishment; carbon footprint; R-strategies



This paper was presented at ISPIM Connects Osaka — Connecting and Empowering Society, Osaka,
Japan on 2-4 December 2024.
Event Proceedings: ISBN 978-952-65069-7-5

1 Introduction

The industrial sector is currently facing two paradigm shifts: the Circular Economy (CE)
and Industry 4.0 (14.0) (Dantas et al., 2021). When integrated, these two paradigms present
an opportunity for joint transformation (Dantas et al., 2021). The CE is a framework
designed to protect the environment by reducing emissions, minimizing waste and limiting
the consumption of raw materials (Morlet et al., 2016). It stands in contrast to the
traditional linear economy, in which businesses extract raw materials, transform them into
products, and then ultimately discard them as waste (Morlet et al., 2016). The goal of the
CE is to retain products, components, and materials within circular value streams as long
as feasible. In the manufacturing sector, this can be achieved through the implementation
of so-called R-strategies, such as reuse, repair, refurbishment, and remanufacture
(Kirchherr et al., 2023). These R-strategies focus on extending the lifespan of products and
optimizing their overall utility. (Kirchherr et al., 2023) By applying these strategies, waste
is not only reduced but value can be added to products as they re-enter the economy with
extended lifecycles or improved functionality (Potting et al., 2017; Dolci et al., 2024).
Today, the most frequently used R-strategies today recycling and recovery, only allow to
reuse the energy or material, opposed to higher value retention or even value adding
strategies such as remanufacturing (Kurilova-Palisaitiene, Sundin and Sakao, 2023).

Companies can greatly strengthen the successful implementation of R-strategies and
particularly those with high value retention or increase through the ability to collect,
manage, and utilize data throughout the entire product lifecycle. This applies from the
initial stages of extraction, manufacturing, and assembly throughout the products
utilization and degradation (Kurilova-Palisaitiene, Sundin and Sakao, 2023). Therefore, it
is crucial to guarantee the availability, interconnectivity and traceability of the relevant
lifecycle information (Holger Paul, 2019; Winterhalter, Teigeler and Westerkamp, 2023).
This is where 14.0 plays an important role as enabler. 14.0 encompasses the integration of
digital technologies, including sensors, the Internet of Things (loT), and Artificial
Intelligence (Al), into all phases of the product lifecycle. These technologies enable not
only the optimization of production processes by interconnected, autonomous machines
and systems capable of optimizing production in real time, but also support lifecycle-wide
data collection and management, facilitating decisions at every stage from design to end-
of-life treatment. By generating, storing, and utilizing data efficiently, digital technologies
can provide the information foundation for the CE. Therefore, they are critical drivers in
the transition towards CE. (Ardito et al., 2019; Tanzler, Ivleva and Bernstein, 2022)

However, significant challenges arise in meeting the information requirements using
digital technologies across the product lifecycle. One key challenge are the unclear specific
applications or use cases of the different technologies across the lifecycle, leading to gaps
in understanding their full potential for supporting data needs at different phases (Chi et
al., 2023). It remains uncertain which specific information needs can be met by digital
technologies and how this information can be used to optimize processes (Han et al., 2023).
In addition, it is not known which economic scenarios can be unlocked by applying digital
technologies throughout the product lifecycle (Han et al., 2023). Many companies lack a
holistic perspective on how digital technologies can enhance R-strategies, highlighting the
need for research focused on their effective integration. (Dolci et al., 2024)



Purpose and scope

Due to these challenges, despite the availability of digital technologies and innovations,
their integration into CE practices remains limited. This paper aims to aid companies in
overcoming these challenges and integrate digital technologies and CE more effectively,
specifically answering the question how this can be achieved systematically across
lifecycle phases. To that end, we analyze the existing challenges in detail and present the
first iteration of a conceptual framework that aims to assist practitioners in integrating
existing and emerging digitalization technologies along the product lifecycle. The
framework provides a clear path from defining the product and R-strategy scope through
identifying digital technology use cases to the evaluation and prioritization of these use
cases. To illustrate the practical application of this framework, we present a case study
from an ongoing publicly funded research project in Germany.

2 Research method

As outlined above, this paper aims to examine the challenges in using digital technologies
as enablers of R-strategies and provide support for practitioners to overcome these
obstacles. More specifically, we want to develop a framework that supports the systematic
identification, selection, and prioritization of use cases that employ digital technologies as
a means to execute R-strategies throughout the product lifecycle. Consequently, this work
addresses subject areas across engineering, economics, and social aspects, with a focus on
socio-technical systems. Accordingly, our research can be classified as applied research
and therefore follows the concept of applied research as described by Ulrich and Hill, 1976.
Ulrich states that first, the researchers need to capture and describe the practical challenges,
followed by consideration of existing theories and hypotheses, i.e., prior work, relevant to
these challenges. Building on this foundation, applied researchers should develop their
models, criteria, or other practical results. At this point, researchers need to test these
results for their utility in practice, as they only constitute implicit hypotheses. Therefore,
lastly, the team must validate and test the hypothesized results in practice (Ulrich, 1984)
Following this concept, we conduct our research in four phases:

1. Based on literature review and experience in practice, we outline the challenges
companies currently encounter in utilizing digital technologies for CE initiatives.
This encompasses both practical and conceptual challenges.

2. Likewise based on literature review, we discuss prior work that either aims to
address these challenges directly or otherwise provides relevant insights into
solving them. By juxtaposing the challenges with prior work, we derive both the
research gap as well as practical requirements the framework should fulfil.

3. Subsequently, we derive and detail the proposed framework. The challenges
identified in (1) combined with our experience from practice (Ulrich, 1984) and
the research gap provide the necessary guidance for this phase.

4. Lastly, the hypothesized framework must be validated and tested in practice. In
this paper, we present one initial ongoing testing of the framework in the form of
a practical case study.
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Following this logic, the paper contains four sections presenting our research. Section 3
outlines the theoretical background, introducing concepts related to the CE and digital
technologies in the context of 14.0. This is followed by an analysis of the specific obstacles
and challenges companies face, as well as existing frameworks and approaches that aim to
integrate digital technologies with R-strategies in section 4. The concept of this framework
is introduced in section 5. Lastly, n section 6, we depict a case study from the CO2ptimat
research project along the framework with a focus on how digital technologies can be used
to reduce the carbon footprint of products. To conclude the paper, we provide an outlook
on further research and the next stages of the project in section 7.

3 Theoretical background

This section provides an overview of the key concepts underlying the integration of digital
technologies with R-strategies of the CE. It begins by outlining the principles of CE,
focusing on the R-strategies that aim to promote resource efficiency and sustainability
throughout the product lifecycle. Next, it explores the role of 14.0 and associated digital
technologies in enhancing these CE strategies. The section further discusses the necessity
of digital technologies in supporting the implementation of CE initiatives, detailing the
visibility, transparency, and predictive capabilities that 14.0 builds upon.

Circular Economy (CE)

CE describes a regenerative economic system that requires a paradigm shift to replace the
current linear economy with circular R-strategies that enable longer use of resources
throughout the entire supply chain (Kirchherr et al., 2023). CE is enabled by a stakeholder
alliance of industry, consumers, policymakers, academia and their technological
innovations and capabilities (Kirchherr et al., 2023). The principles used to achieve CE-
objectives encompass the so-called R-strategies (Kurilova-Palisaitiene, Sundin and Sakao,
2023). One of the current frameworks to explain these principles is the 9R framework
outlined by Potting et al. (2017). Potting et al.'s 9R framework is preferred because it
provides a comprehensive and granular approach to CE strategies, organizing them into a
clear hierarchy. This breakdown provides more actionable insights than other frameworks,
which often focus primarily on end-of-life strategies, such as recycling, and overlook more
impactful actions, such as reducing resource use and extending product life. The authors
describe nine strategies divided into three overarching categories. Smarter product use and
manufacture describes the refuse, rethink, and reduce strategies. Refuse describes making
a product redundant, rethink involves using a product more productively and reduce
describes making a product more efficient. The category extends lifespan of product, and
its parts combines the strategies reuse, repair, refurbish, remanufacture, and repurpose.
The reuse strategy describes the multiple use of a functional product, while the repair
strategy makes a defective product usable again. Refurbish, on the other hand, refers to
restoring and updating an old product. Remanufacturing describes the utilization of used
parts to create a new product with the same function, while repurposing employs used parts
to create a new product with a different function. The last category, useful application of
materials, describes the strategies recycle and recover. Recycling is the processing of the
material to obtain the same or lower material quality, while recover is the incineration of



the material with energy recovery. (Potting et al., 2017) To facilitate comprehension, the
9 R’s and their distribution across the product life cycle stages are illustrated in Figure 1.

Smarter product use and manufacture Extends lifespan of product and its parts Useful application of materials
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Figure 1: 9 R-framework according to Potting et al., 2017

While minimal value can be saved or maintained through R-strategies with low
intervention, such as reuse and repair, the value retention can be significantly higher with
refurbishment and remanufacturing. Remanufacturing can even exceed the original
product value through upgrades. This enables companies to pursue new economic
opportunities that can simultaneously make a significant contribution to sustainability. The
most frequently used R-strategies today are recycling and recovery, which only allow to
reuse the energy or material, resulting in a loss of significant shares of added value.
(Kurilova-Palisaitiene, Sundin and Sakao, 2023) In addition to the functional and economic
value propositions provided through the R-strategies and associated guarantees, the CE can
also deliver additional customer-perceived values. These include increased transparency,
an improved brand image, positive environmental and social impact. (Sairanen, Aarikka-
Stenroos and Kaipainen, 2024)

Crucially, R-strategies can be executed more effectively if more product information is
available. For example, data on the specific material contents of a product allows to make
the decision between remanufacturing and recycling (Miller, Kiel and Voigt, 2018) with
greater certainty (Burggraf et al., 2022). Given the product information, it is also possible,
for example, to determine the actual emission effect of a chosen R-strategy. (Brogaard et
al., 2014). Enablers of such data-supported R-strategies are 14.0 and digital technologies.

Industry 4.0 and Digital Technologies

The term 14.0 describes the integration of digital technologies, also often called 14.0
technologies, into industrial production. 14.0 builds upon previous industrial revolutions,
but with a focus on digital technologies such as cyber-physical systems (CPS), the 10T, Al,
and Big Data. These digital technologies drive automation, connectivity, and real-time data
exchange in manufacturing, enabling optimizing production, reducing downtime, and
enhancing efficiency. By exploiting them, companies not only improve their operational
performance, but also create the basis for new business models that increase their
competitiveness in global markets. (Kagermann, Wahlster and Helbig, 2013) The 14.0
Maturity Index serves as a metric to evaluate a company's readiness and progress across
different stages of digital transformation. By assessing how effectively a company
integrates digital technologies, the index helps to pinpoint areas for systematically advance
through levels of digital maturity, from data generation to fully integrated, data-driven
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processes. Digital technologies can be categorized into four levels of 14.0 maturity,
representing different stages of transformation. (Schuh et al., 2020) The first level is
Visibility, in which technologies are used to generate, collect and network data in order to
answer the question “What is happening?”. (Schuh et al., 2020) For example, Radio
Frequency Identification (RFID) sensors collect data to identify and locate objects,
providing a clear view of the physical environment and enabling real-time data collection.
Another example are 10T sensors. 10T refers to a system in which various devices, objects
or subjects have the automated ability to transmit unique data to a network. This creates a
digital shadow of the processes, products and components enabling visibility. (Neligan et
al., 2023; Nobre and Tavares, 2023) The second level Transparency provides a deeper
understanding of the collected data answering the question “Why is it happening?”. (Schuh
etal., 2020) This level is characterized by a range of technologies, such as cloud computing
and big data analytics enabling informed decision making. Big data refers to massive data
sets that are too large and complex to handle them efficiently by traditional database
systems. It is defined by three key characteristics: Volume, which refers to the sheer size
of the data; Velocity, the speed at which the data is generated and processed; and Variety,
the range of different data types and sources involved. These data characteristics require
advanced analytics and cloud computing, which use shared computing resources to provide
greater processing capacity and enable deeper insights (Neligan et al., 2023; Nobre and
Tavares, 2023) The third level is Predictive Capacity, which builds on existing measures
to anticipate future events answering the question “What will happen?”. (Schuh et al.,
2020) This level includes technologies such as Machine Learning (ML). ML enables
computers to learn and improve through experience without being explicitly programmed.
It involves the use of algorithms that allow systems to analyze data, identify patterns and
make predictions e.g., regarding potential machine failures. (Sarker, 2021; Nobre and
Tavares, 2023) The final level is Adaptability, which enables automated actions and
decision-making processes answering the question “How can autonomous response be
achieved?”. (Schuh et al., 2020) Continuous adaptation allows a company to delegate
certain decisions to IT systems so that it can adapt to a changing business environment as
quickly as possible. This level includes, for example, Al. Al encompasses the simulation
of human intelligence in machines, enabling them to perform tasks such as learning,
problem solving and decision making. The goal of adaptability is accomplished when
organizations use the data from the digital shadow to make rapid, automated decisions
without human assistance on how to achieve the best results. (Schuh et al., 2020)

Digital Technologies and R-Strategies

The convergence of 14.0 and the CE has become a prominent area of study, with growing
interest in how digital technologies can drive R-strategies. 14.0 represents a major shift in
manufacturing, integrating digital technologies to enhance productivity, streamline
processes, and promote sustainability. (Miller, Kiel and Voigt, 2018) Several scholars,
including Nascimento et al., have pointed out that digital technologies are instrumental in
realizing CE goals and their R-strategies by optimizing the use of resources and materials.
(Nascimento et al., 2019) loT, for instance, provides real-time insights into resource
consumption and waste generation, empowering companies to make data-driven decisions
that enhance resource efficiency, as noted by Bressanelli et al.. By integrating 10T systems,
companies can better manage their waste streams and resource use, contributing to the
development of closed-loop supply chains (Bressanelli et al., 2018). These value chains



incorporate product design, recovery, and Reuse back into the traditional production model,
thereby reducing both waste and resource demand (Aldrighetti et al., 2023). Digital
technologies offer the required visibility and transparency throughout the whole supply and
value chain. By employing these technologies, companies can track and trace the lifecycle
of materials, components, and products, enabling more accurate monitoring of their
condition and improved resource management. This greater oversight not only reduces the
risk of material loss or damage but also supports time and cost efforts to maximize the R-
strategies outcomes. (Schoggl et al., 2022)

4 Status quo and research gap

This section begins by highlighting four main challenges companies encounter in utilizing
digital technologies for CE initiatives based on the literature, the ongoing research project
CO2ptiMat, and our practical experience across varying industry projects. We then discuss
existing research that contributes to addressing these challenges. Based on these insights
on the status quo, we identify the current research gap and derive the requirements for a
framework to address it.

Challenges in leveraging Industry 4.0 as an enabler of the Circular Economy

Challenge 1: While digital technologies are crucial for the transition to the CE, the
integration presents significant challenges. Big issues are interoperability and data
integration. For digital technologies to effectively support R-strategies, they must be
seamlessly interconnected across different platforms and systems. Without proper
interoperability, it is difficult to collect, process, and manage the data required to track
products throughout their lifecycle. (Lei et al., 2023) This challenge is exacerbated by
inconsistent or low data quality, making it difficult to consolidate and effectively use stored
datasets along the value chain. Many companies lack the necessary infrastructure to
aggregate and leverage these datasets in an interoperable manner, which severely inhibits
critical CE activities. (Hariyani et al., 2024)

Challenge 2: Another challenge arises from the increased resource consumption to
manufacture and operate digital technologies. Both the production and usage of the
respective technological components can be resource- or energy-intensive. This creates a
paradox where the implementation of advanced technologies meant to drive circularity
may result in higher resource consumption. Therefore, the evaluation of the environmental
impact of these technologies is necessary to ensure that their use does not contradict the
overall goals of resource efficiency and waste reduction.

Challenge 3: Social impacts must be considered. On the one hand, the increased use of
automation and robotics can lead to job displacement (Acemoglu and Restrepo, 2019). As
more processes become automated, the demand for manual labor decreases. This, in turn,
could lead to a reduction in jobs, particularly in industries that rely heavily on manual tasks.
This shift could affect workers in lower-skilled positions, potentially exacerbating
inequality and creating social unrest if not managed responsibly. On the other hand, the
demand for workers with advanced technical skills increases. This creates pressure on the
workforce to upskill or reskill to meet the new demands of a digitalized economy.
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Therefore, careful consideration must be given not only to the environmental impact of
these technologies but also to their broader social implications.

Challenge 4: The complexity of closed product lifecycles presents a significant challenge
for implementing data-supported R-strategies. Effective coordination is required across
various stages of the product lifecycle — from the initial stages of production and use to the
end of life, and back to the beginning of a potential second life. Although digital
technologies enable transparency and traceability throughout the product lifecycle,
ensuring that all actors along the value chain consistently adopt these technologies remains
a major obstacle. (Aldrighetti et al., 2023) This challenge is exacerbated by a lack of
understanding or transparency regarding the exploitation potentials of digital technologies
along the product lifecycle. Often, departments responsible for digitalization and those
focused on CE goals operate with insufficient ties between them, inhibiting the
development of coherent strategies that could link these two areas effectively. The absence
of cross-functional collaboration further complicates the integration of digital
technologies, making it difficult to develop unified, lifecycle-wide approaches to
circularity. Without a holistic understanding, the potential of digital technologies to
facilitate the implementation of R-strategies is severely limited. (Nagel, Erben and Piller,
1999; Potting et al., 2017; Russell and Nasr, 2023)

Existing frameworks, approaches, and other prior work

In recent years, there has been a notable increase in research publications that not only
mention the related keywords but also focus on the digital technologies associated with
14.0 in the context of the CE (Lopes de Sousa Jabbour et al., 2018; Rosa et al., 2020). The
following section presents existing frameworks and prior work in the context of integrating
digital technologies for realizing R-strategies in the manufacturing sector. We will examine
these frameworks to determine to which extent the challenges outlined above are already
being addressed and which gaps remain to be focused by research. Our evaluation will
focus on their ability to provide a systematic approach to managing product lifecycles,
enabling companies to identify, evaluate, prioritize, and execute use cases where digital
technologies can effectively support R-strategies throughout the product lifecycles.

Framework 1 — Dolci et al. (2024): “Integrating Industry 4.0 and Circular Economy: A
Conceptual Framework for Sustainable Manufacturing ”

The paper by Dolci et al. (2024) focuses on integrating 14.0 technologies with CE strategies
in the manufacturing sector by identifying and explaining key drivers. It presents a
conceptual framework developed through a systematic literature review, which identifies
these drivers in terms of two main pillars: technology enablers and organizational factors.
The technology enablers include digital technologies such as the 10T, Al and blockchain.
These technologies are critical for enabling real-time data collection, enhancing
traceability, and optimizing resource use in manufacturing processes. The identified
organizational factors within the framework emphasize the importance of aligning internal
company processes, culture, and strategy with CE principles. This involves fostering
collaboration between departments, ensuring leadership buy-in, and promoting cross-
functional communication, particularly between digitalization and sustainability teams.
Overall, the framework presents the key drivers for integrating 14.0 technologies with CE
strategies. However, it provides no guidance on how to align or combine these drivers and
factors. Instead, the authors highlight the need for research to focus on facilitating such an



alignment. The paper also doesn’t offer a clear methodology for evaluating or prioritizing
specific digital technology use cases in practice.

Framework 2 —Voulgaridis et al. (2024): “Digital product passports as enablers of digital
Circular Economy. A framework based on technological perspective”

The paper focuses on Digital Product Passports (DPPs) as key enablers of the Digital
Circular Economy (DCE). DPPs track product lifecycle data, including technical
specifications, maintenance history, and recycling potential. By integrating DPPs with 14.0
technologies, the framework aims to support data traceability and enhance stakeholder
collaboration within the CE. The authors describe two layers: the Passport Generation
Layer and the Digital Passport Layer. The Passport Generation Layer collects new data
from manufacturing and from processes like reuse, recycling, or remanufacturing, using
IoT and Digital Twins to capture all relevant data. It also integrates data from external
partners to foster collaboration and visibility. The Digital Passport Layer processes and
organizes the data into digital passports, catering to different user groups with both
sensitive business data and general data relevant to circularity. In summary, the framework
focuses on building a data infrastructure for the CE, addressing data generation and flow
between stakeholders. The paper emphasizes the technological infrastructure for creating
DPPs but does not provide guidance on how to use the data to enable specific use cases or
R-strategies, nor on how to identify and choose the required digital technologies.

Framework 3 — Kristoffersen et al. (2020): "The Smart Circular Economy: A Digital-
Enabled Circular Strategies Framework for Manufacturing Companies":

The paper by Kristoffersen et al. (2020) focuses on creating a comprehensive Smart CE
framework for manufacturing companies, linking digital technologies with R-strategies to
improve resource efficiency and productivity with a strong emphasis on business analytics.
The framework provides both academic and practical insights by reviewing existing
frameworks and real-world examples, addressing use cases of how digital technologies can
be systematically applied to support CE practices. The framework is built around three
main components: data transformation levels, resource optimization capabilities, and data
flow processes. These components are structured hierarchically, allowing companies to
move from basic data collection and processing to more advanced stages like predictive
and prescriptive analytics while identifying use cases from a systematic literature review.
These results enable a broad interlinking of digital technologies and CE strategies as well
as the characterization of use cases along different levels of digital maturity. However, the
results do not focus on how specific technologies can enable select R-strategies or how
these can be aligned with specific lifecycle phases. It also provides little guidance regarding
the prioritization of use cases or initiatives.

Aside from the depicted frameworks, prior research provides several key insights into
potential research gaps that the researchers have yet to address. Nobre and Tavares (2023)
explore how 14.0 technologies can support the transition to a CE from the perspective of
practitioners. Their paper aims to provide field-based insights on how companies use 14.0
technologies to pursue circularity. The study collected 361 responses from practitioners
across 37 countries and identified 31 information technology capabilities that are employed
towards CE. For example, these include the capabilities to reuse 1T components or to
monitor and optimize machine operations. The results indicate that most initiatives were
reactive rather than proactive. Along similar lines, the findings show that most of the
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capabilities implemented in real world scenarios are concentrated on reduction and
recycling, with less emphasis on upstream processes like reuse and remanufacturing.
Taking a competency-based perspective, opposed to capability-based, Okorie et al. (2023)
focus on how digital transformation can support the CE and provide a competitive
advantage for manufacturing companies transitioning to net zero emissions. The paper
adopts a resource-based view of the firm approach to analyze how manufacturing
companies can leverage their internal resources, both tangible and intangible to gain a
competitive advantage through sustainability efforts. Based on a literature review and
multiple workshops, the authors highlight the importance of considering intangible assets
as part of corporate sustainability initiatives. Through exchanges with 13 manufacturing
firms embedded in an engaged scholarship approach, they emphasize the value of asset
traceability and improved value-chain coordination. Lastly, Kerin and Pham (2020) offer
a review on the current state of research on smart remanufacturing and its potential to
enhance CE practices through the integration of 14.0 technologies. The study emphasizes
the importance of using digital technologies to strengthen links between the different
players along the value chain, especially manufacturers, users, and remanufacturers.

Summarized research gap and requirements towards the framework

The analysis of existing frameworks reveals that despite significant progress in integrating
14.0 technologies with CE strategies, aspects of the previously depicted practical
challenges and mainly the focused conceptual challenges remain partially unaddressed
from a research perspective. As outlined, companies face significant challenges in
determining which digital technologies use cases are most relevant to specific R-strategies
and product lifecycle stages. This makes it challenging to identify, evaluate, and prioritize
digital technology-enabled use cases. We can also observe a clear gap in existing
frameworks to offer tools and guidance for that purpose, especially considering the hurdle
that such use cases must not only be intrinsically sound but also be aligned with coherent
strategies. Yet, while existing works explore how digital technologies can enable CE along
different paths and trajectories, there is little guidance on how to effectively map these
technologies to specific phases of the product lifecycle or how to align them with R-
strategies. The problem can thus be narrowed down to the need to understand how to use
digital technologies effectively in the closed product lifecycle. It also includes the difficulty
of assessing which use cases are most relevant for the specific context of a company.

To address this problem, a framework must fulfil several requirements. Most importantly,
the framework should provide a clear, structured method to identify relevant use cases
where digital technologies can enhance R-strategies. To that end, it must guide companies
in mapping digital technologies to specific product lifecycle stages. To ensure actionable
insights and results, it needs to take specific circumstances into account, such as the
digitization maturity of the company and the products or product families at the center of
the value chain being analyzed. This also includes requirements of data quality and
infrastructure challenges as well as socio-technical impact considerations. Following this
line of context-specific relevance, in a clear distinction to prior work, the framework must
also ensure an alignment of the use cases with a company’s broader R-strategies and CE
objectives. This also contributes to the evaluation and prioritization of use cases, as those
not aligned with the broader approach should likely be deprioritized. Lastly, the framework
should support the decision-making on which use cases should be implemented, i.e., which
digital technologies should specifically be used for which purposes and in which setting.
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5 Proposed framework for integrating digitalization technologies with
circular economy strategies

This section proposes a conceptual framework aimed at contributing to the previously
outlined research gap and practical as well as conceptual challenges. The proposed
framework (Figure 2) guides companies through a systematic process, considering the
three requirements we derived in section 4.

> Seope >> Use cases >> Solution >

I]?rf)f;rulit and Detail life Identify use Derive data ::z?ctli?;g Evaluate and
. ioriti
R scope cycle phases cases needs technologics prioritize

Repeat for product portfolio ‘

Figure 2: Framework for guiding companies through uses cases of digital technologies in the
context of the CE

Companies must first define a product and the R-scope to capture the relevant context and
lay the foundation for strategic alignment, as detailed in the following sections. This aids
reducing the complexity as outlined in section 4 by focusing the scope of the analysis.
Next, the product's lifecycle phases should be specified to enable a structured
identification of use cases, again helping break down the overall complexity. Based on
this foundation, company-specific use cases are identified, followed by the structured
derivation of data needs. This helps us identify potential synergies or overlaps across
different use cases, R-strategies, and even products, combating the lack of transparency
regarding exploitation potentials of digital technologies. These first four steps can be
repeated for all products in the product family or products closely related considering their
value chain. Based on the aggregated data needs, companies can match technologies to
both the individual use cases and the stages of the product lifecycle. Factoring in synergies,
strategic contributions, and other factors, companies can then evaluate and prioritize the
set of use cases. This evaluation enables us to consider both the technological aspects from
interoperability to data exchanges across the value chain, as well as attractiveness
considerations incorporating both monetary and sustainability factors. The last step
includes selecting the specific technologies to use in their execution, ultimately resulting
in a selection of use cases and digital technologies to implement. With this step, we
generate a decision foundation for analyzing interoperability and data integration at an
early stage for long-term planning, addressing another challenge. By following these three
phases, companies can sequentially address the complexity of integrating digital
technologies into operations and make informed decisions considering all challenges
outlined in section 4.

Scope

The framework should assist companies in identifying specific use cases that align with
their unique circumstances, especially as discussed in section four their maturity level and
the lifecycles of their specific products. In line with the research objective, these use cases
should detail the digital technologies required for execution, the R-strategies they support,
and the product lifecycle phases they accompany. Both potential R-strategies and product
lifecycle phases are inseparably linked with the product at the heart of the value chain
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(Morseletto, 2020). Therefore, companies must choose a product or product group and
subsequently determine which R-strategy or -strategies should be further investigated. This
decision should be based on factors such as the product's design, materials, durability, and
the company's CE goals (Stahel, 2016; Bocken et al., 2016). As a guiding logic, companies
should first consider strategies with high value retention such as remanufacturing
refurbishment, followed by low value retention strategies such as recycling (see section 2).
For instance, a product that is durable and made with high-quality materials might be a
promising candidate for remanufacturing, whereas a product with easily replaceable
components might be better suited for repair or reuse (Stahel, 2016). Once companies have
selected the R-strategy for a product or product group, they need to specify and describe
the product’s lifecycle phases. This begins with the Beginning of Life (BoL) phase, where
the product is designed, manufactured, and assembled. The BoL phase encompasses the
design, manufacturing, and assembly processes (Stahel, 2016). During this phase, product
designers make key decisions regarding material choices, modularity, and the potential for
future reuse, remanufacturing, or recycling. Design strategies such as design for
disassembly (DfD) and modular design play a pivotal role in enabling products to be easily
repaired, remanufactured, or recycled (Stahel, 2016; Bocken et al., 2016). In the
manufacturing and assembly process, raw materials and components are brought together
to create the final product. For this, multiple tiers of suppliers can be involved, each
contributing essential parts or materials. Tier 1 suppliers provide the primary components,
while Tier 2 and Tier X suppliers deliver subcomponents and raw materials (Hsu, Tan and
Zailani, 2013). Next is the Middle of Life (MoL) phase, which covers the product’s
operational life, including its use by the customer within a B2B or B2C context. In a B2B
context, MoL often involves more structured and systematic maintenance processes.
Contractual agreements between the supplier and the business may include service level
agreements (SLAS) for repairs and upgrades to minimize downtime (Curiskis, S., et al.,
2023). In contrast, the B2C context involves individual consumers who use products with
varying degrees of care and attention to maintenance. Maintenance and repairs in the B2C
context are typically performed when issues arise, often driven by the consumer’s initiative
(Stahel, 2016). After the MoL phase, a product can reach its End of Life (EoL) or End of
Use (EoU). The EoL phase occurs when the product reaches the end of its useful life
because the functionality is no longer available. The End of Use phase occurs when the
product is no longer needed by the user or is no longer relevant, but its functionality may
still be intact (Stahel, 2016). After these phases, selected R-strategies can be executed, such
as remanufacturing processes (Nasr and Thurston, 2006). The last phase is the Beginning
of the Second Life, where the product’s materials or components are given a new lifecycle,
either as the same product or in a repurposed form, continuing to deliver value (Bocken et
al., 2016; Stahel, 2016). To provide a grounded approach for segmenting and analyzing
each lifecycle phase, one method is to break down each phase into key activities, involved
actors, main challenges, and expected outcomes. This structured segmentation supports a
comprehensive understanding of the processes involved at each stage and highlights the
specific requirements for a transition to the next phase. By specifying activities, it becomes
possible to identify the tasks required for each lifecycle stage, such as design choices or
maintenance routines. Understanding the actors involved (e.g., suppliers, designers, end-
users) offers insight into stakeholder roles and responsibilities. Addressing challenges
uncovers obstacles that may hinder the lifecycle objectives, and defining outcomes clarifies
what each phase aims to achieve before transitioning. To illustrate this step, Figure 3
depicts an illustrative specification and description of the lifecycle phase using a laptop as
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an example. The activities, actors, challenges, and outcomes associated with each life cycle
are delineated:
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Figure 3: Phase 1 of the Framework: Scope

Use Cases

After defining the scope, the approach continues with the phase Use Cases. Here,
companies must identify use cases for digital technologies and derivée the specific data
requirements for each use. The use cases should be identified along the 14.0 Maturity Index
stages, as each stage of the 14.0 Maturity Index represents a different level of technological
capability and information complexity needed. This categorization ensures that the
company considers its own digital maturity and capabilities (see section 4). Following
maturity levels also helps providing structure for the process of use case identification
(Kristoffersen et al., 2020). It allows companies to focus on collecting the right type of
data at the right stage of digital maturity. For example, at the descriptive stage, companies
only need to collect basic data on “what is happening” in the system, such as sensor
readings and operational metrics. This data helps establish a foundational understanding of
the process. However, as the company advances to the predictive and prescriptive stages,
the system requires more advanced data, such as historical trends, enabling the prediction
of future events and automated decision-making (Kristoffersen et al., 2020). In addition,
the classification of use cases according to lifecycle phases as described in the previous
phase must be considered, as the activities, actors, challenges, and outcomes differ
considerably between the phases, and thus the data requirements. Each phase represents a
different stage in the product’s lifecycle, involving different decision points. For instance,
in the BoL phase, digital technologies might be used to optimize product design or
production processes, requiring diagnostic or prescriptive data to anticipate bottlenecks. In
the EoL phase use cases might focus on determining whether a product should be
remanufactured or recycled. By categorizing use cases by both their 14.0 maturity and
lifecycle phase, companies can map these use cases to the digital capabilities and data
requirements needed at each point in the product's journey. This also lays the foundation
to identify synergies between use cases that span multiple lifecycle phases. For example,
the same data used for product monitoring in the MoL phase might also be valuable for
decisions about remanufacturing in the EoL phase, thus reducing redundancy and
improving the efficiency of the necessary data technologies. This categorization along two
dimensions results in a 2-dimensional matrix. For each life cycle-phase and maturity level
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combination we can detail potential use cases, their information requirements, and
potential digital technologies to gather and process the necessary data to fulfil these
requirements. Developing this matrix aims to provide a more comprehensive
understanding of the application potential of digital technologies in the implementation of
R-strategies. Figure 4 illustrates this procedure using the laptop as an example which has
been previously discussed in the preceding section:
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Figure 4: Illustrative result of the use cases phase

Solution

The goal of the final phase is to support the prioritization of use cases connected with the
choice of digital technologies to be implemented. After identifying the scope and defining
the information and data needs for each lifecycle phase, companies can focus on selecting
and implementing the appropriate digital technologies to address these needs. The first step
to achieve this is the identification of technologies that can meet the data and information
needs across the varying use cases. First, companies need to aggregate the data and
information needs across different use cases to identify overlap and potential synergies.
Additional to already known technologies assigned in the previous phase, companies
should consider an additional search for technologies, e.g., based on already existing know-
how, technology scanning or technology studies. As described by Schuh, a technology
scanning and technology studies provide an open or structured process for analyzing the
technological landscape and understanding which emerging technologies align with the
goals at hand. (Schuh, 2014)

Subsequently, the use cases and digital technologies must be evaluated and prioritized for
implementation. As we discussed in the requirements for the framework, this evaluation
must consider the company specific circumstances and ensure a choice of synergetic and
aligned use cases. We propose an evaluation that considers two dimensions, following the
concept of technology project portfolios by Pfeiffer et al.: attractiveness and feasibility.
This approach allows us to account for both the economic potential of each use case, such
as revenue and market demand, as well as the technical feasibility, ensuring that the chosen
solutions are not only profitable but also realistically implementable within the company’s
current technical capabilities. The dimension attractiveness can encapsulate therefor more
conventional criteria, such as revenue potential, competitive differentiation, scalability,
and market demand. It should also factor in the environmental impact, which can for
instance be measured through the enabled resource savings and emission reductions. This
ensures that the selected use cases are aligned with circular economy principles and reduce
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long-term resource consumption. Assessing feasibility should consider the previously
identified primary challenges and risks associated with implementing digital technologies.
This includes integration and interoperability challenges, availability of the necessary skills
and know-how, as well as general technology readiness (Acemoglu and Restrepo, 2019;
Aldrighetti et al., 2023; Dubey et al., 2019; Lei et al., 2023). To account for cross use case
synergies or cannibalization, clusters of use cases can be investigated regarding both gains
and drawbacks in operational efficiency as well as strategic alignment. For example, two
use cases may require the same skill development distributing required investments.
However, two use cases may also aim for the same material waste, reducing their
attractiveness if both were to be implemented. Considering these factors also allows
companies to assess the broader potential of different technologies, the associated risks,
and the potential impact on their operations. Figure 5 continues our previous example,
depicting the illustrative evaluation and clustering of use cases.
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Figure 5: Illustrative example of use case evaluation

Once the appropriate use cases and thus digital technologies have been selected, they must
be integrated into the company’s existing systems and workflows. This includes setting up
the necessary infrastructure, training employees to use the technologies effectively, and
establishing procedures for ongoing maintenance and updates. According to Schuh,
successful implementation also involves preparing the organization for technological
change, including aligning the company’s technological capabilities with its broader
strategic vision. For example, companies may need to upgrade their network capabilities
to manage the increased data flow from 10T devices or invest in cloud-based platforms to
store and analyze the large volumes of data being collected.

6 Case study

In this section we present a case study from the "CO2ptiMat" research project as practical
application of the hypothesized framework following the research method outlined in
section 2 as initial validation and exploration of first insights from practice. First, we
provide an overview of the project’s background and goals. We then go into detail of the
project execution and results along the newly introduced framework.
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Background

The following case study stems from the publicly funded research project “CO2ptiMat”.
Within this project, the companies TERDEX GmbH, REHAU Industries SE & Co. KG,
Meraxis AG, KEX Knowledge Exchange AG and the Fraunhofer Institute for Production
Technology (IPT) collaborate to develop a digital solution that can be used to calculate
product-specific emissions and monitor interactions between adjustments to the material
mix and economically relevant factors such as product quality or productivity. To this end,
data from the production environment is to be recorded and linked to ensure a dynamic
view and support decision-making based on data.

Scope

The plastics industry is facing major economic and ecological challenges. Given the
growing awareness of environmental problems and the demand for sustainable solutions,
companies must find ways to make their products and production processes more
environmentally friendly. A significant lever for more sustainable and resource-efficient
production lies in increasing the use of recycled materials. Against this background, the
initial product scope was set on plastics-based products. To manage complexity and
maximize synergies, this was further narrowed down to either foliage, plates, pipes, or
profiles created via extrusion, injection molding, or blow molding. This decision was based
on research and discussions with interdisciplinary industry experts, to, on the one hand,
cover a broad spectrum of potentially synergetic contents, and, on the other hand, only
consider products simultaneously that share sufficient characteristics. Regarding R-
strategies, the primary emphasis of the project lies on using recycled material instead of
prime material. This decision was based on the significant emission-saving potential of
using recycled material in plastic manufacturing. Lastly, the manufacturing phase was
chosen as the primary focus along the lifecycle, excluding, e.g., use cases based on data
from the recycled materials going into the value chain or data generated throughout product
utilization. This focus on a specific product category, lifecycle phase, and R-strategy
allowed for a goal-oriented and efficient use case identification.

Use Cases

First, the consortium captured different plastics manufacturing processes and associated
decision-making processes through shopfloor visits, workshops, and interviews. For each
of these processes, we described all information input and output at the status quo and
improvement potential towards using recycled material, e.g., by asking employees which
additional information could be helpful to aid in incorporating more recycled material into
the value stream. Second, we identified the potential stakeholders involved in these
processes that could benefit from additional data and information. These stakeholders
constituted the central point of use case identification, as any data-driven, digital
technology-supported solution must aid the respective employees in their tasks related to
incorporating recycled material. These stakeholders ranged from production and product
managers to operators and strategic buyers. Based on this, several potential use cases were
captured. For example, the primary use case captures supporting the initial material
selection for products and processes by providing detailed information on the potential
implications of adjusting the material mix, e.g., by providing product managers
information on the expected change in product-specific carbon emissions and productivity
parameters for material alternatives. Further potential use cases included data-based
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support of order scheduling and long-term process development based on historical
emission data linked to performance parameters. It also included less decision-making
centered use cases such as optimization of machine control settings, providing emission
data to customers for their decision-making, and sustainability reporting.

To derive the data needs, the two key dimensions to be considered in all use cases were
investigated: Information on emissions and information on productivity metrics. To
identify data requirements for the emission calculations, the project consortium developed
a multi-tier system based on 14.0 maturity levels considering varying data availabilities,
describing how the aggregated data needs could be met at different maturity levels. To
enable decision-making, these emission parameters must be juxtaposed with production
performance indicators. E.g., a product manager deciding between a prime and a recycled
material for a product requires both the potential emission impact as well as the impact on
other key metrics such as production speed, expected scrape rate, and quality. Therefore,
further aggregated data needs are being captured based on such productivity metrics, based
on the fundamental relationships with the material mix and the information needs of
decision-makers. The project is currently still within this phase, aggregating data needs and
detailed user preferences regarding the information to be displayed as support.

Solution and outlook of the research project

The overarching goal of CO2ptiMat is a software solution capable of processing the
necessary emission and production data to enable users regarding the previously identified
use cases. However, the different use cases must be prioritized. A preliminary prioritization
was made based on feasibility and attractiveness. Here, the project consortium considered
which use cases would likely contribute the most to support using recycled material and
thus reducing emissions and which would be sensible first steps from a development
perspective.

7 Outlook

Regarding the research project CO2ptiMat, several open research questions remain to be
addressed, and further steps are planned to be taken until 2026. A crucial next step involves
designing the specific MVP and selecting the digital technologies required for the initial
iteration. Additionally, the solution must be tested and validated in a real-world setting.
From a broader perspective, further development and refinement of the approach linking
digital technologies with CE strategies are required to provide practical and actionable
guidance. While the proposed framework addresses current challenges by systematically
guiding the identification, prioritization, and implementation of digital solutions for CE
initiatives, future research should focus on refining its applicability across varying industry
contexts and digital maturity levels. Moreover, exploring the scalability of these solutions
in real-world applications will be vital for advancing sustainable industrial practices. It is
important to note that Ulrich’s concept of applied research does not end here but instead
requires continuous testing in practice, reflection, and iterative improvement. The
presented work constitutes only the first iteration of the framework and should be
considered as working hypotheses on how to better link digital technologies and CE. The
further continuation of CO2ptiMat and additional work on the framework in broader
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settings will contribute to further close the gap between the potential of digital technologies
in CE and the actual usage we can observe in practice.

The project “CO2ptiMat” and the work underlying this paper are supported by the program
“GreenTech” by the German Federal Ministry of Economic Affairs and Climate Action
(BMWK) based on a resolution of the German Parliament.
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