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Abstract

Manufacturing companies face the challenge of systematically identifying and leveraging technological
competitive advantages during the transformation to the circular economy. Therefore, companies need to
take up strategic positions of success in the circular economy by correctly bundling their technological
resources and capabilities. However, capabilities for the circular economy go beyond those in the past
required for companies to establish a successful market position. These new differences in capabilities
specifically manifest through the perspective of considering a product's full life cycle and the potential
arising from not yet tapped life cycle phases. To this end, this paper presents foundational elements of a
circularity capability maturity assessment for manufacturing companies. Therefore, an approach to assessing
the circularity capabilities was developed, and circularity capabilities were systematically derived from
literature. The elements were finally validated by industry partners. It supports companies in identifying
which circularity capabilities are crucial to unlocking new circular value potentials and thus act as strategic
positions for success.

Keywords

Circular Economy; Capabilities; Maturity Assessment; Manufacturing Companies

1. Introduction

Addressing sustainability in terms of environmental, social and governance (ESG) dimensions is critical for
a company's competitiveness [1]. Especially, environmental sustainability is particularly relevant for
manufacturing companies due to increased stakeholder demands from politics, society, customers and
investors. However, it is not only external requirements that are putting pressure on companies. Specifically
among small and medium enterprises (SME) surveyed for a study in Germany, 70% of the businesses
identified energy prices and procurement as one of the most crucial future challenges, closely followed by
raw material prices and scarcity (63%), which can negatively impact competitiveness. [2]

However, the current predominant linear economic approach of 'take-make-dispose' is reaching its limits in
addressing these challenges due to the finite number of natural resources on Earth. In response, the transition
to a circular economy (CE) is a promising approach for manufacturing companies to improve sustainable
practices. It focuses on natural resource productivity by creating closed-loop component and product cycles.
[3] Companies however still struggle to translate the long-term benefits of CE into business strategies. Only
a small share of businesses adopts resource-optimized practices, increases product stewardship or finds a
way to integrate circular principles into all business functions for a holistic CE approach. This means that
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the promised effects and benefits are not yet being realized, and manufacturing companies are currently still
operating based on traditional, linear strategies. [4]

A primary reason for not exploiting potentials of the CE is that companies do not possess the necessary
capabilities [5]. This challenge exists because companies experience a severe change of capabilities needed
in transformation to CE due to the new ways of value creation compared to the linear economy. Companies
need to adjust their horizon to consider a product's full life cycle and the potentials arising from these not
yet tapped phases [3]. The CE thus presents companies with a multifaceted challenge across five key areas:
stakeholder management, resource management, product innovation, production processes, and
organizational structure — all requiring new organizational capabilities to navigate the CE transformation
successfully [6,4,7-10]. However, manufacturing companies lack an understanding of holistic circularity
capabilities [11]. As a result, they do not have transparency about their current circularity capabilities
compared to their peers, especially based on comprehensive benchmarking data. Thus, they are unable to
define relevant future capabilities to be able to strategically identify and leverage technological competitive
advantages during the transformation to the CE.

Considering these challenges, the research question “Which circularity capabilities are relevant within the
CE and how can the maturity of these capabilities be assessed as well as benchmarked between peers?” will
be investigated. To address this research question, the structure of this paper is as followed: Section 1
highlights the practical problem. In Section 2, the theoretical foundation is established by presenting relevant
definitions and fundamentals. Section 3 analyses the approaches for capability maturity assessments outlined
in current literature and their deficits in resolving the research question in Section 1. In Section 4, the research
methodology including requirements for the maturity assessment methodology and the selection of a
maturity approach is presented. Following, in Section 5, the foundational elements of the maturity
assessment of circularity capabilities are developed. Section 6 summarizes the paper’s findings and provides
an outlook in future research.

2. Definitions and Fundamentals

The following section outlines the main aspects of the CE of manufacturing companies (see Section 2.1),
capabilities for managing the transition to the CE (see Section 2.2), and capability maturity assessments to
manage transformation processes in companies (see Section 2.3). These fundamentals support a focused
literature review presented in Section 3 and serve as a basis for the development of a circularity capability
maturity assessment to reach strategic position of success in the CE.

2.1 Circular Economy of Manufacturing Companies

The CE aims to enhance resource productivity by creating closed-loop product and component cycles. [3]
The ELLEN MACARTHUR FOUNDATION defines the term 'circular economy' as “a system where materials
never become waste and nature is regenerated. [...] In a CE, products and materials are kept in circulation
through processes such as maintenance, reuse, refurbishment, remanufacturing, recycling and composting”
[12]. Through this circulation and thus longer product lifecycles, the CE presents a potential solution for
balancing environmental protection and economic growth [13]. However, the implementation of the CE
necessitates a transformation in the value creation of manufacturing companies, signifying the requirement
for novel organizational capabilities to ensure sustained strategic position of success. SMEs in particular,
which often lack the necessary financial and human resources [2], face enormous challenges in the required
transition to a CE.



2.2 Capabilities for Managing the Transition to the Circular Economy

The CE with its transition outlined in the previous section, provides a significantly changing business
environment with a multitude of new economic and ecological potentials [14,15]. To reach these potentials,
new circularity capabilities of a company are necessary to successfully develop attractive business
opportunities. Only this way can companies position themselves strategically for above-average results in
the long term [16]. Generally, capabilities describe targeted activities of a company or organization to
combine its resources in a way that supports the achievement of strategic goals. Capabilities differentiate
from resources, as those only describe material, immaterial and human means within a company’s control.
[17] Both capabilities and resources are established assets in management to help companies navigate
transformations. The goal of managing capabilities and resources is to achieve continuous capacity to act,
even in a changing business environment. [18]

2.3 Capability Maturity Assessments for Managing Transformation Processes in Companies

Capability maturity models are a wide-spread choice for managing and guiding complex transformations.
They help provide insights on the status-quo of companies’ capabilities as well as identify fields for
necessary action, using maturity as the key dimension. They usually employ an impartial, criteria-based five-
step scale to rate the maturity of organizational capabilities. [19] This allows for repeatable results and
enables the use of benchmarking to compare companies’ results to each other [20]. Capability maturity
models have since become an established tool to determine capability across a wide array of domains and
industries [21]. They have already been employed in the domain of sustainability, for instance, to assess
sustainability performance [22,23]. This makes capability maturity models specifically relevant to the
challenges in addressing the CE transformation for manufacturing companies with the changing set of
capabilities required (see Section 2.2).

3. Analysis of Current Approaches

This section outlines the analysis of the current approaches from literature relevant to this paper. For this
analysis, the scope of relevant literature as well as a set of assessment criteria is defined. After analyzing the
approaches, the deficit of the current literature is derived.

The literature analysis is focused on existing research approaches on capability assessments in the context
of the CE in manufacturing companies. In particular, the review encompasses the following domains of
available assessments as defined by the target research question (see Section 1) and the considered scope
(see Section 2): general capability maturity assessments, sustainability assessments and specific
sustainability maturity assessments. The aim is to provide a comprehensive overview of the assessment
approaches that companies can utilize for managing their circularity transformation. In total 14 approaches
are identified (see Table 1).

These approaches are evaluated in terms of their object and target area. The object area considers the fit of
approaches with this papers problem domain. These criteria include that the domain of the methodology
should be centred around environmental sustainability, specifically CE. Additionally, the approaches should
demonstrate a specialization on manufacturing companies as well as focus on capabilities that take a
technological perspective.

The target area helps analyse whether an approach provides a considerable contribution to the solution of
the problem domain identified and thus benchmark, how much the research question is already addressed in
literature. The target-related criteria include the focus of the assessment on circularity capabilities.
Additionally, maturity levels should be clearly differentiated and focused on the capability maturity of the
organization. This means, the approaches should make use of multidimensional and partly data-based
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strategies to measure maturity. Building on this, the approaches should have applicability for both internal
purposes (e.g., controlling) as well as external benchmarking within a peer group. Furthermore, assessment
should be effective and are thus expected to provide actionable insights by offering specific connection
points for improving the current maturity within the assessed domains. Practical feasibility is also a key
consideration, as this ensures an efficient realization of the results into company operations. Thus,
approaches should ensure reasonable effort in terms of time, personnel, and financial resources, ensuring the
applicability also for SME:s.

Table 1: Overview of approaches analysed for the state of research

Assessment Domains Specific Assessment
1 — General Capability o EFQM-Model and Radar [24]
Maturity Assessment e Capability Maturity Model Integrated [25]

o Industrie 4.0 Maturity Index [26]

2 — Sustainability Assessments | ¢ CIRCelligence [27]

e S&P Corporate Sustainability Assessment [28]

e EY Sustainability Critical Assessment [29]

e Circulytics [30]

e Unternehmenserfolg durch Nachhaltigkeit [22]

e Circular Economy at the Firm Level [31]

o Corporate Sustainability Strategies: Sustainability Profiles and Maturity Levels

[23]
3 — Sustainability Maturity ¢ Sustainability Maturity Model [32]
Assessments o KPMG ESG-Maturity Assessment [33]

o Sustainability Journey [34]
e Maturity Model as a Driver for Circular Economy Transformation [35]

When evaluated against the previously defined object- and target-related criteria, the analysis reveals several
significant shortcomings in existing approaches. From the perspective of the object-related criteria, three
central gaps emerge. First, many current approaches do not fully center on sustainability within the specific
context of the circular economy, often addressing broader sustainability topics without a dedicated CE
perspective. Second, most approaches are generic in terms of the focus towards specific industries or
companies, meaning there were no approaches specifically tailored towards manufacturing companies.
Third, while certain performance indicators are included for benchmarking purposes, approaches often fail
to provide the granular technological insights required to support capability development.

In the target-related criteria, additional deficits are found. In relation to the focus on circularity capabilities
criterion, existing assessments offer only limited overview of the specific capabilities required for a
successful CE transition, often lacking a clear definition or structured set of capabilities. Regarding criterion
for clearly differentiated maturity levels, no approaches were found that enable meaningful and granular
differentiation of the maturity levels of CE capabilities. This limitation also weakens the fulfilment of
internal and external applicability, as the absence of a common structure hinders both internal controlling
and external benchmarking within peer groups. The approaches supporting the identification of improvement
potential do not consistently align with the key CE challenges outlined in Section 1. Finally, considering the
practical feasibility, current approaches often demand high resource input. Subsequently, the approaches
identified were particularly impractical to be applied for or by SMEs specifically.

In summary, the analysis of current approaches shows multiple deficits in the assessment of the maturity
level of the organizational capabilities of manufacturing companies required to successfully manage the
transformation to a CE. On the one hand, approaches are limited by a lack of focus, only assessing general
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sustainability and focusing on singular indicators. On the other hand, they are not practically applicable
enough for a wide range of manufacturing companies, ensuring both a practice-oriented approach and wider
comparability.

4. Research Methodology

The aim of this paper is to derive the foundational elements of a methodology for the circularity capabilities
maturity assessment of manufacturing companies. In the following section, requirements for the
methodology are first derived (see Section 4.1) and an approach for developing a circularity capability
maturity assessment is selected as a rough concept for the methodology (see Section 4.2).

4.1 Requirements for Maturity Assessment Methodology

This section outlines the content-related and formal requirements for the methodology to be derived, aiming
to ensure a targeted conceptualization. The definition of the content-related requirements is based on the
underlying practical deficit and the objective from Section 1, as well as the identified theoretical deficit from
Section 3. The formal requirements are based on modelling and system theory.

The content-related requirements entail to enable the assessment of the maturity level of the comprehensive
circularity capabilities of manufacturing companies, covering organizational capabilities of the production
of physical goods and the surrounding value creation. Within this scope should be all functions that impact
value creation most directly, meaning that overarching functions like controlling, finance or human resources
management are not considered. Furthermore, circularity capabilities should cover the entire product life
cycle (requirement a). In addition, the methodology is intended to ensure the comparability of circularity
capabilities of different manufacturing companies and thus universal applicability (requirement b).
Furthermore, to ensure the applicability of the assessment, a holistic and practice-oriented approach is to
be conceptualized. This approach enables technology and sustainability managers to identify potential gaps
in circularity capabilities to achieve strategic positions of success in the CE (requirement c).

To ensure high quality, which is one of the most important factors for the successful development of the
methodology, PATZAK's formal requirements must be met: empirical and formal correctness, productivity,
manageability, and the low-effort development and application of results [36].

4.2 Approach for Developing a Circularity Capability Maturity Assessment

To derive the foundational elements of the circularity capability maturity assessment, the approach elicited
by DE BRUIN ET AL. [37] is employed. It provides a structured development process, which is applicable to
a wide variety of focus topics (domains) and has been widely adopted in literature and practice [38]. The
approach will help ensure the development of a methodology that meets the requirements outlined in Section
4.1. The development of a maturity model is divided into six phases, depicted in Figure 1.

Steps not covered in this paper
1

\ \

Model focus and Maturity levels Capabilities Approve and % Enable easy vV Provide )
Stakeholders and application maturity levels validate access /// resources y
/

v YV

Figure 1: Approach for developing the circularity capability maturity assessment, based on DE BRUIN ET AL. [37] and
BECKER ET AL. [39]




The process begins with the scope phase, where the specific domains, its boundaries, and the objectives as
well as target audience of the maturity model are defined. The design phase follows with a focus on
determining the structure and core components of the model, such as the maturity levels, dimensions, and
assessment criteria. In the populate phase, the content of the model is developed to enable practical use. This
is accomplished by identifying the capabilities for each maturity level and dimension. This phase creates the
foundational details necessary for practical use. The test phase follows, where the model is empirically tested
to ensure its validity, reliability and generalisability. Once the model is tested, it moves to the deploy phase,
where it is implemented in practice. This involves providing tools, guidelines, and training for users to ensure
proper application and understanding. Finally, the maintain phase ensures the model remains relevant over
time. [37] Additionally, BECKER ET AL. [36] suggest an iterative approach, which has been adopted for the
phases design, populate and test. This helps to achieve a more differentiated mapping of a less developed
domain, such as circularity for manufacturing companies. As this paper focusses on the development and
initial test of the circularity capability assessment, the phases deploy and maintain are not covered.

5. Results

Following the approach described in Section 4.2, the defined elements of the circularity capability maturity
assessment are detailed. First, the extent of the assessment is defined in the scope phase (see Section 5.1).
Afterwards, the maturity level structure and individual characteristics are outlined during the design phase
(see Section 5.2). In the populate phase, the domain of circularity in manufacturing companies is divided
into individual capability areas (see Section 5.3). Lastly, the developed circularity capability maturity
assessment is validated in the test phase (see Section 5.4).

5.1 Scope

To ensure clear distinctions and results of the assessment methodology and results, a clear scope needs to be
set in line with the requirements for maturity assessment methodology in Section 4.1. This study focusses
on assessing capabilities of manufacturing companies (especially SME’s), covering the production of
physical goods and the surrounding value creation. For the capability scope, this study specialized in the
sustainability domain, especially circularity capabilities. This should include all organizational capabilities
of the considered companies to successfully create their value following the principles of the CE. The scope
encompasses all functions that impact value creation most directly, either today or in the future, meaning
that overarching functions like controlling, finances or human resources management are not considered
further. However, the methodology to be developed should still be applicable across a wide range of
industries and provide a holistic, but practice-oriented approach to managing the circularity transformation.

5.2 Design

Within the design section, the main task is to define the maturity index, namely the maturity levels that
structure the index framework. Different approaches to the design of maturity levels for capability
assessments exist [37]. In this paper, a six-level scale is selected. The scale defined in LASCELLES AND DALE
[40] and further refined in DALE AND LASCELLES [41,40] will serve as reference. It has proven to be a
valuable tool for understanding the behaviour related to adoption of the total quality management framework
within an organization. The maturity levels advance from ‘uncommitted’ over ‘drifters’, ‘tool pushers’,
‘improvers’ and ‘award winners’ towards ‘world-class’. Compared to the original maturity index, this index
for the circularity capability maturity assessment will include a more detailed scale at the lower levels,
introducing an additional level between the equivalents of 'drifters' and 'tool pushers'. Simultaneously, the
levels 'award winners' and 'world-class' are summarized to keep the six-level-scope of the maturity index.
Thus, the outlined maturity index includes higher granularity at lower maturity levels to provide more
targeted analysis. This is required due to the outlined low level of CE adoption in manufacturing companies
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today (see Section 1). In the following, the maturity levels based on DALE AND LASCELLES [40] are described
and transferred into the context of CE. Additionally, they are laid out in Figure 2.

i 1 Lead circular
Establish structures Data- stiorts development

Curiosity within the Define and execute nd measures to improve

Adhere to pilot efforts

regulation organization

Initial Awareness Commitment Inteilatlon > . Oﬁtlmlzatlon - l Innovation l

Figure 2: Maturity levels for the circularity capability maturity assessment, based on DALE AND LASCELLES [40]

Level 0 (Initial) express minimal awareness of the domain in question with no formal processes or strategies
in place. The organization is focused on short-term goals, and in compliance with external pressures. There
is a lack of leadership commitment and employee engagement with the topic. With regards to the circularity
domain, this means adhering to the regulatory baseline.

Level 1 (Awareness) describes the initial experimentation with the considered capability, with individuals
identifying potential applications within specific projects. There is only a limited understanding, and
knowledge is developed in a decentralized manner. However, the underlying need for action is recognized
but has not yet become a central focus.

Level 2 (Commitment) is reached, when an organization initiates small-scale pilot studies to test practices,
exploring opportunities within the business environment. This results in circularity initiatives being driven
by specific departments or single teams rather than organization-wide efforts.

Level 3 (Integration) outlines the focus on operational tools with limited strategic integration. Proven
practices are systematically integrated into business operations, involving multiple or cross-functional teams
to guide the process. Standardization, monitoring, and adherence to practices are established.

Level 4 (Optimization) means an organization uses standardized tools and methods alongside regular
training for the domain in question. Practices are continuously evaluated to identify and implement efficiency
improvements. This means, continuous improvement is embedded in the business objectives and leadership
demonstrates active engagement.

With level 5 (Innovation), an organization establishes itself as a thought leader, shaping industry standards
and becoming a benchmark for peers and competitors. The strategic value of this position is leveraged to
gain a competitive advantage. Thus, the organization becomes a role model for circularity.

5.3 Populate

Following, the capabilities are structured and described. For this, requirements for circularity capabilities are
defined first, before a structured literature study is conducted to elicit and structure a set of relevant
capabilities for the CE.

5.3.1 Requirements for circularity capabilities

The requirements for circularity capabilities are intended to ensure an efficient and valid assessment of these
capabilities. The requirements, as formulated by SCHOLZ [42], are suitable because they share the same



objective the approach in this paper (assessment of indicators such as capabilities): Unambiguity,
evaluability, freedom from redundancy, clarity and relevance of the capabilities.

532 Approach to identify circularity capabilities

To support the content development of the assessment framework and gain a comprehensive understanding
of current research on circularity capabilities, an explorative literature review is conducted, following the
practical guidelines of VOM BROCKE ET AL. [43]. The main process steps are the definition of a review scope,
followed by the conception of the research topic, conduction of the literature search and finally analyzing
and synthesizing the results (see Figure 3).

Analysis and
synthesis

Definition ofreview scope Conception of topic Literature search

Figure 3: Literature review process according to VOM BROCKE ET AL. [43]

In the first step, the scope of the literature search needs to be defined, which was done as part of the scoping
for the circularity maturity assessment, outlined in Section 5.1. In the second step, and based on the defined
scope, the literature search is systematized into three search term groups to capture the intersection of
circularity, capabilities and manufacturing:

1 — Circularity: 'Kreislaufwirtschaft', 'Circular Economy', 'Circularity’
2 — Capabilities: 'Fiahigkeiten', 'Skills', 'Wettbewerbsvorteile', 'Competitive Advantages'
3 — Manufacturing: 'Produzierendes Unternehmen', 'Manufacturing Companies'

Within the third step, literature searches are conducted with these search term groups across multiple
literature platforms, namely Google Scholar, IEEE Xplore and Elsevier’s ScienceDirect. Peer-reviewed
publications in English or German addressing firm-level capabilities and reaching until October 2023 are
included. A total of 33 publications are identified as relevant sources for further analysis in the last step of
the literature analysis and the following synthesis of circularity capabilities.

Finally, step four involves systematically analyzing and synthesizing the relevant publications to derive
circularity capabilities. According to LEEDY ET AL., the identification of capabilities should be divided into
three stages [44]. The first step involves identifying potentially relevant circularity capabilities. In total,
159 circularity capabilities are identified based on the literature and compiled into a structured database. In
the second step, the identified capabilities are consolidated. Consolidation of the identified capabilities is
necessary to avoid multiple consideration of redundant capabilities, considering the requirements for
circularity capabilities. In total, a consolidation of 46 circularity capabilities is achieved. In the third step,
these capabilities are grouped into circularity capability areas using typology. Typologies are understood as
the result of a grouping process in which an object area is divided into types or groups based on several
characteristics. The characteristics of a group are as homogeneous as possible, while the groups themselves
should be as clearly distinguishable from each other as possible. [45] Consequently, circularity capability
areas are homogeneous groups of circularity capabilities. The process of typification can be carried out using
both static and analytical methods, depending on the context [45,46]. In this paper, the typification follows
the analytical method according to KNOBLICH, which is based on scientific findings [46,47]. A total of
13 capability areas are identified this way.

5.33 Structuring Circularity Capability Areas

As a result of the literature analysis, 13 circularity capability areas are elicited, that enable companies to
achieve strategic success in the CE. They cover a wide range of capabilities, from high level managerial
8



capabilities (e.g., market intelligence), over specific production and product related areas (e.g., circular
product and circular production) to operational capabilities (e.g., reverse logistics). An overview of these
capability areas is depicted in Figure 4. Each capability area comprises a set of individual capabilities. For
an overview of the individual capabilites in each capability area, please refer to the Appendix. Following,
the circularity capability areas are explained in further detail.

Circularity Technology Reverse
Management Foresight Logistics
& Reporting
Governance Regulatory Digital Product
& Culture Intelligence Pass
External :
Stakeholder Market EEcjfse'ls[tl:[ln Circular
Comm- Intelligence Y . Production
unication Orchestration
Circular Business Circular .Dlglta-l
Model Product Pr 0ductlo.n
Design Technologies

Figure 4: Circularity capability areas (own illustration)

Circularity Management & Reporting targets the intensifying regulatory scrutiny and stakeholder
expectations regarding CE that manufacturers must integrate into governance systems. Therefore, companies
need to integrate circularity into corporate strategy, implement supporting circularity roadmaps, develop
sustainability reporting across environmental, social and governance areas, establish KPI tracking and collect
data to ensure accurate and compliant reporting. [48—51,6,52—55]

External Stakeholder Communication focuses on articulating the company's dedication to circular
practices through strategic marketing, aligning supplier actions with customer expectations, and enhancing
the public's understanding of circular benefits. This strategic messaging supports brand positioning while
driving stakeholder collaboration to share knowledge, raise awareness of circular principles and shape
customer behavior. [49,56]

Governance & Culture involves embedding circularity into the organizational ethos to drive widespread
circular employee behavior. It promotes leadership commitment and cross-functional accountability for CE
initiatives. Cultural change is fostered through training, incentives, reward and recognition programs that
encourage employees to actively engage in circular economy initiatives. [51,57,11,58,59]

Circular Business Models unlock new revenue potential by designing innovative product-service bundles
and redefining business models and distribution to promote economic growth that is independent of resource
use. The creation of customer-centric value propositions with services extend value beyond the physical
product and promotes an active participation in the circular economy. Enabling these capabilities in the
monetization of products over multiple use cycles through upgrades, refurbishment, and replacements allows
the business model design to always reference relevant customer requirements. [49,60]

Technology Foresight involves the proactive scanning of emerging technology trends as a basis to identify,
evaluate, and adopt to relevant technological innovations that enable circularity in products and processes.
Thus, this area guides informed decision-making on strategic investments in technologies that improve
resource efficiency, extend product life, and enable sustainable material use while ensuring economic added
value. Furthermore, it considers implementing innovation practices that promote the development and
transfer of new climate-neutral technologies, processes, and materials. [11,61,53]



The Market Intelligence area focuses on analyzing market trends and consumer behaviors. It enables
organizations to anticipate market changes to uncover strategic opportunities in the circular economy and to
plan well-timed circular investments. Additionally, it emphasizes collaborative industry in which circular
economy practices are exchanged. [11,61,62]

The Regulatory Intelligence refers to the ability to anticipate new regulatory requirements and interpret
their value creation significance. Understanding these requirements is crucial, as they must be considered as
early as possible when developing new technologies and products to ensure regulatory compliance.
Furthermore, cooperation with regulatory institutions and participation in the development of standards
allow companies to shape existing and new regulations. [6,63,55,64]

Circular Product Design involves the design and development of products for the circular economy to
reduce emission over the entire life cycle. The basis for such innovation is a modular product architecture.
Modular designed products ensure, among other things, the recyclability of products, the reuse of certain
product components in other applications as well as the realization of product upgrades. In addition to a
modular product design, companies should use recycled materials across different supply chains and
industries or use regenerative materials in products to ensure closed material loops. [49,65,6,66—-69,55,60]

The implementation of product upgrades also requires the creation of a new infrastructure for the market-
centered remanufacturing of products. Thus, Reverse Logistics is a central activity to closing product cycles
through managing product and material flows back into the value chain and fostering strong collaboration
among supply chain partners to build an integrated circular supply chain. [50,51,61,70,71]

To cycle products in continuous value creation between customers and companies, there is a high need for
External Ecosystem Orchestration. The key challenge in this area is that companies' core competencies
do not always match the necessary abilities to carry out all the steps within a circular economy on their own.
Thus, companies need to strategically navigate supply chain agreements, develop harmonized standards
among stakeholders and foster resource-sharing partnerships for efficiency-boosting synergies and collective
innovation. [51,61,62]

Digital technologies act as enablers to enhance product and production transparency. Thus, the Digital
Product Pass area is dedicated to enhancing product transparency through comprehensive material
disclosures, ensuring accountability via full traceability throughout production and use, and leveraging data
analytics to diagnose product condition. This helps support compliance, recycling and upgrading, as well as
responsible sourcing. [72,73,69,60,74]

Digital Production Technologies advance production by integrating autonomous systems and digital
technologies into manufacturing improving (real-time) insights and data-driven decision-making. From a
base of [oT devices, digital twins, cloud platforms, and Al, production efficiency is optimized while enabling
flexibility, waste reduction, and leveraging continuous innovation. [75,72,53,69,60]

Circular Production contains practices that help manufacturers mitigate rising resource costs and
environmental constraints. The focus is on minimizing environmental impact by optimizing material, energy,
and water consumption, preventing material loss and waste, lowering toxicity, and implementing effective
recycling and waste treatment. In addition, companies can lower their energy related emissions by
purchasing energy from renewable sources or by feeding industrial waste heat into a district heating network.
The capability area also includes remanufacturing and reassembly facilities for circular production.
[50,76,11,77,78,60]

5.4 Test

The circularity capability maturity assessment was validated in six manufacturing companies in South
Carolina (USA) with a focus on the automotive industry. The assessment was conducted in the form of
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interviews, with one circularity capability corresponding to one question. To rate companies’ performance
based on their answers, definitions for every maturity level of each of the 46 circularity capabilities were
detailed in preparation. This offered clear criteria for companies’ performance to be measured against. As
this paper focuses on deriving the foundational elements of the circularity capability maturity assessment,
these individual capability maturity definitions will not be further covered. Maturity levels of individual
capabilities were aggregated to maturity ratings for the capability areas as they were presented before (see
Section 5.3). The interview-based approach gave interviewees the opportunity to clarify comprehension
questions. This allowed ambiguities to be identified, enabling the capabilities to be sharpened in their
definition. Furthermore, the validation process confirmed that the content-related requirements (enable the
assessment of the maturity level of the comprehensive circularity capabilities, universal applicability, holistic
and practice-oriented approach) as well as the formal requirements (empirical and formal correctness,
productivity, manageability, and the low-effort development and application of results) had been met. In
addition, the companies have stated that the overview of capability areas and their respective capabilities
offer helpful transparency regarding the necessary capabilities in the CE. The maturity assessment provides
valuable insights, enabling the identification of improvement needs and the discovery of new capabilities
that will contribute to the company's strategic position and success. Thus, the assessment was successfully
validated. As a result of the validation process, the final set of validated circularity capabilities presented in
Section 5.3 were developed. In addition, valuable benchmarking data was obtained from the automotive
industry. This validated »Fraunhofer Circularity Capability Maturity Assessment« was subsequently
transferred to a website and thus, is made digitally accessible to the public:
https://www.ipt.fraunhofer.de/en/offer/strategic-analysis/measuring-sustainability. html.

6. Conclusion and Future Research

The aim of this paper was to develop the foundational elements for a circularity capability maturity
assessment for manufacturing companies to support them in reaching the strategic position of success in the
CE. As a result, a maturity approach divided into six steps was identified, with this paper focusing on the
first four steps: scope, design, populate, and testing. As part of the development of maturity approaches, a
maturity scale with six levels was selected. Furthermore, 13 capability areas with a total of 46 capabilities
were deductively derived from literature. They ensure a comprehensive view of circularity capabilities over
the entire life cycle. This assessment provides strategic, technology and sustainability managers to identify
potential gaps in circularity capabilities. Specific measures should be identified and implemented to close
these gaps and achieve strategic position of success in the CE. The assessment was successfully validated
with six industry partners in the US.

However, the development of a circularity capability maturity assessment is only the first step. To further
develop the assessment into a valuable tool, more benchmarking data needs to be obtained by applying the
assessment. Firstly, in addition to the generated benchmarking data for the automotive, further industry-
specific data needs to be generated. Secondly, the benchmarking should be extended to other countries than
the US, such as those in the EU, which are at the forefront of the CE. The provision of digital access to the
assessment will make it easier to acquire this additional benchmarking data. Once the CE has been
established throughout the industry, the capabilities should be reviewed to ensure they remain fit for purpose.
Additionally, further research could take up the concept of strategic positions of success according to the
model of BINDER AND KANTOWSKY [17] to the CE, as this research provides a starting point to their
identification.
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Appendix
Capability Capability Definition Sources
Area
Circularity Integration in | Integrating circularity deeply into corporate strategy, including [6,53]
Corporate Strategy control mechanisms for circularity goals and resource protection.
;‘3; Defined Execution of Ensuring the implementation of a circularity strategy by supporting [53,55]
5 Circularity Strategy with | it with the corresponding roadmap.
E Roadmap
P Comprehensive Developing comprehensive sustainability reporting mechanisms [48,54,55]
5t Mechanisms for that cover environmental, social, and economic performance,
= % Circularity Reporting ensuring efficient adherence to reporting obligations.
.‘? [~ Circularity KPIs and Establishing robust methods for tracking sustainability KPI's, [49,54,55]
= Emissions Tracking focusing on emissions and resource consumption metrics within
§ Methods Scope 1 & 2, creating a data basis for reporting compliance.
O Supplier Circularity Data | Collecting relevant data on up- and downstream environmental [50-52]
Collection impacts to enable full scope 3 reporting, increasing reporting
accuracy and ensuring efficiency compliance.
- Brand-Building through Conveying the company’s circularity commitment by marketing [56]
== g Content-Driven and information campaigns to prepare customer behaviours and
£ :° E E Marketing build a brand reputation around sustainability.
‘3 S E E Advocacy for the Promoting a mutual understanding of circularity through active [49]
= % 8 Benefits of Circularity collaboration with external stakeholders, sharing knowledge, and
increasing awareness for benefits of circular principles.
Employee Training for Educating and motivating employees with training and incentives to | [63,58,59]
< Circularity adopt circularity practices and principles of the circular economy.
8 o Incentives for Circularity | Designing and implementing reward systems and recognition [51,58]
g E Action for Employees programs that encourage employees to actively engage in and
; 3 contribute to the organization's circular economy initiatives.
2 Resource Provision for Strengthening internal R&D departments to focus on sustainable [51,57,11]
< Circular R&D innovations in products and processes, fostering a culture of circular
Innovation value creation.
Circular Value Developing sustainable value propositions that align with customer [49]
- Propositions preferences and creating accompanying services that engage
a:a customers in circular economy practices.
g — Product Upgrades for Creating a sustained value offering to customers by creating a path [60]
2 S Sustained Value of product upgrades to decouple revenue from product sales and
E; § Offering deliver growing value to the customer through expended
1 functionality.
5 Service Design and Designing and monetizing a growing bundle of service offerings to [49]
Circular Business complement products for the customer and extend the value
Models offering past the physical product.
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Capability

Area Capability Definition Sources
Strategic Monitoring and | Vigilantly tracking and analyzing emerging technologies, [11,61,53]
%ﬂ Evaluation of Emerging optimizing resource efficiency and facilitating recycling,
z Technologies refurbishment and remanufacturing practices.
s Methodological Systematically evaluating Make-Or-Buy decisions and business [61,53]
i Decision-Making for integration strategies to ensure resource-efficient investments in
o Investment in New sustainable technology aligned with long-term organizational goals.
—g Technologies
5 Processes for Implementing process schemes for technological Innovation, [11]
= Technology focusing on development and transfer of new technologies,
Development processes, and materials.
© Market Trend Analysis Analyzing evolving market trends and customer behaviors to [11]
g £ and Strategic Response pinpoint strategic circular economy opportunities and navigate
= .gn courses of action.
§ g Industry Collaboration Emphasizing collaboration and knowledge exchange within [61,62]
= and Best Practices industry networks to collectively enhance best practices and
Sharing innovations.
Navigating and Adapting | Monitoring and adapting to the global regulatory landscape shifts [63,55]
B8 to Global Regulation from end-of-pipe measures to preventative strategies.
g5 Interest Group Active representation of the organization's interests concerning [64]
% é” Representation for circular economy in the suitable political and industrial networks to
g g Regulation Influence advocate for a supportive legal framework.
&= Strategic Alignment for Formulating corporate strategies in line with circular economy [6,55]
Regulatory Compliance regulations' maturity across countries.
Material Intelligence for | Developing a material intelligence strategy that ensures, products [67,69,55]
Product Compliance adhere to green, circular, and cradle-to-cradle paradigms and
upcoming regulations.
Agile Development Employing agile development practices to closely align product [6,66]
Practices to Quickly value proposition with evolving customer needs or regulatory
Adapt to Changing requirements.
% Business Environment
K Product Design for Product design is optimized to best use the raw material and offer [49,65,68]
e Material Efficiency the best possible material efficiency.
]
§ Product Design for Rethinking product design for end-of-life recycling to enable [49,65,68]
O Material Recyclability material recovery, as well as exchanging conventional materials for
more sustainable alternatives.
Product Design for Adapting product technologies and accompanying services to [49,65,68]
Reuse of Product or ensure compatibility with reuse, repair, and remanufacturing
Components practices.
Product Design for Developing modular, easily upgradeable products to support longer [49,65,68,60]
Modular Upgradeability lifespans and adapt to evolving consumer needs and technologies.
Management and Management and positioning in reverse logistics network that [50,51,71]
g 3 Positioning in Reverse ensures the effective return of products for recycling, refurbishing,
52 Logistics or remanufacturing.
2 E" Integration for Establishing strong coordination and collaboration among supply [50,61,70]
%2 Symbiotic Supply Chain | chain partners for a symbiotic and integrated circular supply chain.
Operations
Contract Management Strategically managing contracts within the supply chain to enforce | [51,62]
= 5 b = within Industry and circular industry standards and mitigate warranty risks.
B % 2.8 | Supply Chain
‘E 2 £ £ | Partnerships for Forming partnerships to pool resources and expertise, catalysing [61]
B2 ° = Expertise Sharing and collaborative innovation through complementing capabilities.
Resource Pooling
Material Transparency Providing comprehensive material information to customers, [72,69,74]
for Customer promoting transparency, and empowering informed decisions based
" Information on sustainability performance of the product.
S Complete Traceability of | Implementing full traceability in production, ensuring material [72,69,74]
g Products in Production source and process transparency for accountability in sustainable
= practices.
4 Processing Decision for Ability to make optimal decisions for further processing, boosting [72,69,74]
= Used Products efficiency, and supporting proactive circular economy strategies.
£ Traceability of Products Implementing use phase traceability to enable better reporting and [72,69,74]
g during Use Phase re-X-evaluation.
Digital Product Facilitating customer involvement with a digital link to the product [73,69,60,74]

Connection for
Customer Engagement

that enables them to engage directly with take-back schemes, apply
for product upgrades, and access a digital product passport.
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Capability

Area Capability Definition Sources
Digital Shadow for Developing manufacturing processes that intelligently gather data, [75,72,69]
= Smart Manufacturing fuelling the Digital Product Passport ecosystem with valuable
£ ., Processes lifecycle information.
é 'a Digital Solutions for Optimizing production with digital technologies, advancing towards | [75,72,53]
S % Production and autonomous systems, and enhancing decision-making with
~ 2 Overhead Processes workforce-involved alerts and insights.
£ E Digital Twins for Leveraging digital twins for real-time, virtual representation of [75,72,60]
é" Production and Product production processes and products, promoting continuous
Optimization optimization and self-learning systems for innovation without
disrupting existing operations.
Energy Supply through Leveraging renewable energy sources to minimize CO, emissions [78,60]
Renewable Sources within the energy supply scope.
Optimization of Energy Advancing cleaner production capabilities by reducing energy [11]
Efficiency usage, optimizing processes to improve overall efficiency.
- Optimization of Water Taking measures to reduce the impact of the production on the [11]
£ Efficiency water consumption.
g Optimization of Material | Avoiding the loss of material during the production process due to [11]
2 Efficiency inefficiencies and waste.
& Managing Toxicity Reducing the toxicity of the value creation by eliminating critical [11]
’_& materials and processes as much as possible and taking the
2 necessary precautions where toxicity cannot otherwise be mitigated.
5 Capture and Treatment Ensuring effective waste capturing and treatment processes, [50,76,77]
of Production Waste reducing environmental impacts and costs through effective
recycling and repurposing strategies.
Compatibility of Ensuring all relevant production technologies support the [50,60]

Production Technologies
with Re-X Cycles

industrialized remanufacturing and reassembly steps necessary for a
circular production.
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