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Circularity in Product Development - a case at SKF
To implement circularity in the product development of a bearing manufacturing
company
HUAN WANG
Department of Industrial and Materials Science
Chalmers University of Technology

Abstract
As we are facing environmental challenges globally, the traditional take-make-disposal
liner model is no longer sustainable and society as a whole must evolve. Organi-
zations and industries currently operate under such traditional liner model should
particularly be at the forefront of the transformation. Circular economy, driven
by product life extension, reuse, remanufacture, recycle, etc., is recognized as a
sustainable economic system and has been an area of research to develop frame-
works, methods and tools to support organizations in making the shift. SKF, a
Swedish company which has a high vision of sustainability, has initiated a Circular-
ity Program and determined to implement circular product development within the
organization. Therefore, a master thesis project was kicked off to explore collabo-
rative approaches to implement circularity in product development. A backcasting
approach was taken in the project to establish goals, identify the gaps between the
future and the present, and define key initiatives for the organization to make fu-
ture planning. The project aims to develop a methodology, building upon existing
theories and concepts related to sustainable and circular product development, to
implement circularity in product development at the case company. Meanwhile, the
project outcome could give inspirations to other manufacturing organizations on
circularity implementation, as well as to academia on future researches in the area
of circular product development.

Keywords: sustainable product development, circular economy, circular design,
backcasting, circular value chain, value chain collaboration, circular collaboration,
collaboration with stakeholders, circularity quantification, circularity indicator, cir-
cular assessment, circularity metric
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1
Introduction

Over the past 50 years, human activities have been geared towards meeting increas-
ing demands, which has led to rapid and negative changes in ecosystems [1]. Side
effects such as biodiversity loss, climate change, and desertification continue to oc-
cur, making ecosystems less capable to provide services to humans. However, there
are many indications that human demands on ecosystems will continue to grow in
the future. Mitigation actions to minimize negative impacts on all species on the
planet and natural ecosystem to make the society sustainable are therefore essential.

1.1 Theory
The circular economy (CE) is recognized as a sustainable economic system which
could make better use of resources and create less negative impact to our environ-
ment [2]. With the essence of CE - to maintain the product’s functionality and
value for as long as possible, it becomes crucial that how we could integrate and
implement circular product design to minimize the use of virgin material, diminish
the environmental impact, whilst ensuring that the quality and performance of the
product meets the required standards for product development [3].

To support organizations’ transition towards sustainability and circularity, SPD
(Sustainable Product Development) and CE have been research areas in academia
for decades. Methodology, frameworks, and tools have been developed to be applied
in the industry [4]. The measuring of CE transition progress was explored [5], as
well as the leverage point from product perspective [3].

However, it was found that organizations are facing tremendous challenges to make
progress on circular product development due to the barriers in technological, fi-
nancial, consumer behaviour and organizational collaborations [6]. Therefore, it is
worthwhile to deep dive in industrial practical cases to explore how the methodol-
ogy, frameworks, and tools could support the implementation of circular product
development in the organization and what is needed for future improvements.

1.2 Company background
SKF, a Swedish company, was founded in 1907 and focusing on rotating equip-
ment performance solutions. SKF’s bearing products are well-known all over the
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1. Introduction

world. SKF has a long history of working with industrial sustainability, including
re-manufacturing of bearing, oil regeneration technology, carbon-neutral manufac-
turing, etc, aiming to reduce environmental impact. There is a strive to create
engagement throughout the business, not only by implementing sustainability on a
strategic level, but also by encouraging the ideas and grass root projects initiated
by employees around the world. Circularity, as one of the main contributors in sus-
tainable product development, has high priority in SKF to drive the development
towards sustainability, and seven Circular Design Principles were published as a fun-
damental guideline to implement Circularity in the company. The seven Circular
Design Principles are:

• Circular Supply - Where viable, recyclable materials can be used in pro-
duction, packaging and transportation e.g. secondary material, renewable and
bio-based materials. Focuses on using recyclable, renewable, and bio-based
materials in production, packaging and transportation to minimize environ-
mental impact.

• Material Efficiency - Improve the utilization of materials throughout the
product’s lifecycle to increase overall efficiency and reduce dependency on new
resources. Emphasizes the efficient use of materials throughout the product’s
lifecycle to increase overall efficiency and reduce dependency on new resources.

• Build to Last - Design products for durability reducing the need for frequent
replacements and maintenance. Emphasizes designing products for durability,
reducing the need for frequent replacements and maintenance by tailoring
longevity to specific applications and performance needs.

• Maintainable & Repairable - The product design considers how repair and
maintenance services might extend the life of existing products in the market.
Highlights the importance of designing products that are easy to maintain and
repair thereby extending their operational life.

• Remanufacturable / Refurbishable - The product design considers how
“a second lifecycle” might be enabled in order to perform industry-like recon-
ditioning of the product. Promotes the ability to remanufacture or refurbish
used products to like-new condition, lengthening their useful lives and reducing
waste.

• Recyclable / Upcyclable - The product design considers the potential to
collect, separate and recover materials of end-of-life products in order to recycle
or reuse them. Advocates for the consideration of collection and recovery of
materials from end-of-life products for reuse in new products.

• Avoid & Return - The product design considers how to minimize waste by
designing products and systems that avoid creating waste in the first place or
ensuring that any waste materials are returned to the supply chain for reuse.
Emphasizes strategies for minimizing waste by designing products and systems
that avoid creating waste in the first place or ensuring that any waste materials
are returned to the supply chain for reuse.

2



1. Introduction

When developing a new product for certain markets or specific customers, SKF
follows business project management process - NMO (New Market Offer) or ASO
(Application Specific Offer) to define the project organization, working packages,
tasks and time plan. Under the working package of PD&E (Product Development
& Engineering), which focuses on product design, the working package leader follows
PDP (Product Development Process) to plan their work, see the example of NMO
project management process including PDP as a sub-process managed by PD&E in
Figure 1.1. However, it has shown from previous product development experience
that current PDP could not fully cover the interpretation and fulfillment of sustain-
able and circular requirements, whereas there are more and more demands in this
area from regulations, customers, and other stakeholders. Thus, transitions (rather
than mere incremental changes) are needed to break through the boundaries and
re-build the foundation of sustainable collaboration in the value chain. A company
level program - Circularity was kicked off in 2024, and PD&E has put high priority
on sustainability-circularity in their 2025 strategy.

Figure 1.1: NMO process including PDP as a sub-process

As SKF is rooted in various segments of the industrial field, they have wide range
of products, including hardware, software as well as IoT systems, and has typical
waterfall product development processes which sequentially complete one stage be-
fore move on to the next, the outcome of this project could provide a reference to
other manufacturing enterprises when it comes to circularity implementation. The
combination of theory and practice in such a typical manufacturing company will in
turn bring tangible insights to academic research and guidance for future research
directions.

The project goal of SKF is to develop a methodology to realize Circular Product
Development (CPD) during PDP. It aims to explore collaborative ways of working
to integrate circularity in PDP and an approach to measure sustainability effects as

3



1. Introduction

a guidance for product development engineering team. SKF is expecting to enhance
sustainable compliance, fulfil the relative requirements from stakeholders, and reach
an advanced level of sustainability standard in the industry.

1.3 Research questions
The aim of this study is to address how SPD methods and tools could be leveraged in
industrial practices to assist the case company implement circularity in PDP, what
are the challenges of adopting SPD tools in the organization, and in addition, how
SPD tools could be adapted and improved to support the case company achieving
the CPD goals. Therefore, the following five research questions are constructed for
the investigation:

• What methods and tools have been proposed in previous research to guide
organizations in assessing sustainability effects on the environment during col-
laborative circular product development across the value chain?

• What methods and tools are particularly suitable in early phases for the case
company to facilitate circular product development?

• How to make the methods and tools applicable in the context of circular
product development at the case company?

• What are the key factors to implement circularity in the area of product devel-
opment in the case company, and specifically in the early stages of the product
development process?

4



2
Methods

In order to develop a methodology to implement CPD for the case company based
on the state of art in SPD area with a rigorous approach, the research followed the
development process [7, 8, 9], to: 1) define the problem by literature review and gap
identification; 2) align the tangible goals and focus area of the project; 3) design
and develop the methodology for circularity integration and evaluation; 4) use PDP
projects for demonstration; 5) evaluate the methodology through observation, feed-
back and discussion; 6) loop back to step 3 to iterate and fine tune the methodology;
when all above are done, 7) communicate the methodology at the case company and
thesis report. See the process steps illustration in Figure 2.1.

Figure 2.1: The process of research approach

The methods corresponding to research questions are summarized in Table 2.1:

2.1 Literature review
A clear understanding of the state of art could help to build a foundation of the
needed knowledge for strategic planning and execution of this project. Therefore,
literature reviews were conducted by searching the published papers and articles
with relative keywords in Scopus, Google Scholar and Google, reading through the
theories, and aspiring from the case studies.

As a starting point, to get an overall picture of SPD, CE and CPD, "sustainable
product development, strategic sustainable development, circular economy, circular
product development, circular design" were keywords used for literature searches in
Scopus and Google Scholar. With the finding that the "backcasting" methodology

5



2. Methods

Table 2.1: methods corresponding to research questions

Research Questions Methods
1. What methods and tools have been proposed in previous re-
search to guide organizations in assessing sustainability effects on
the environment during collaborative circular product development
across the value chain?

Literature
reviews

2. How can backcasting methodology support the case company to
set up the goals and define initiatives for circularity implementa-
tion?

Workshop,
Observa-
tion

3. What methods and tools are particularly adaptable in early
phases for the case company to facilitate circular product develop-
ment?

Literature
reviews

4. How to make the methods and tools applicable in the context of
circular product development at the case company?

Prototyping,
Evaluation

5. What are the key factors to integrate and implement circular-
ity in the area of product development in the case company, and
specifically in the early stages of the product development process?

Evaluation,
Communi-
cation

was frequently mentioned in the literature as a basis of the framework for strategic
sustainable development [10], an in-depth review was conducted to explore how it
could be applied in the organization to execute SPD strategies, and "method for
sustainable product development, SPD workshop" were searched as key words to
look for methods and tools could be used systematically applying this methodology.
In addition, as collaboration was realized playing a key part in this area, "circu-
lar value chain, value chain collaboration, circular collaboration, collaboration with
stakeholders" were derived for further literature search to gain insights of prerequi-
sites and enablers for SPD, CE and CPD implementation in organizations.

In order to fulfill the case company’s request for circular evaluation, additional liter-
ature searches with "circularity quantification, circularity indicator, circular assess-
ment, circularity metric" were arranged in Google and Google Scholar to examine the
tools that have been developed in this field. As the intention was to get inspiration
from existing tools and to do customization to match the tool with SKF’s product
and circularity context, the literature searching and review of circular evaluation
were focusing on the most famous and commonly used ones.

2.2 Interview
To learn about the practical experience of curcular product development, interviews
were conducted in the case company with relative value chain stakeholders to:

• understand challenges and support needed from each perspective

• get lessons learned from previous transition experiences

• align the goals and way of working for coming activities

6



2. Methods

• get feedback of the thesis work

Six interviews were held in the beginning at SKF involving sustainability/circular-
ity leaders as well as product development experts; see the interviewee details in
Table 2.2. Eleven questions were prepared covering interviewee’s role & responsi-
bility, work relevance to circularity, challenges, and support needed. See interview
questions in Appendix A. Every interview started from self-introduction of the in-
terviewer to narrate the thesis project background and objectives, reason of the
interview, and the coming activities in the following months. After interviewees got
a better understanding of the project, they also briefly talked about their roles and
responsibilities, as well as their cognition of circularity. In this process, the relevance
of their job to this project was confirmed.

All six interviews were conducted one on one through Teams, and each took 45 to
60 minutes. Most interviews had video recorded with permission from interviewees
and converted to transcripts; otherwise was noted down in text. Key messages were
extracted from the records as inputs for further use in the workshop and circularity
implementation methodology development.

Table 2.2: Position and responsibilities of interviewees

Position Responsibility
Program manager Leader of Circularity Program
Product and Service Sustainability Manager Sustainability strategies and circular design rules
PD&E Architecture & Expert EMEA PD&E strategies and priorities
PD&E Portfolio Manager Circular design competence
PD&E Quality and Process PDP process
PD&E Expert Bearing designs

During demonstration phase, another round of interviews was conducted at the end
of each case study to obtain user experience feedback of the methodology developed
to integrate and evaluate circularity in product development. This feedback was
used to iterate the tool and explore potential for future optimizations.

2.3 Observation and analysis
Observing the day-to-day work and analyzing documentations related to product
development in the case company facilitated a practical understanding of existing
circularity strategies & initiatives, organization set up, roles and responsibilities,
process mechanism, working procedures and tools. It was also a practical way to
collect expectations of PD&E’s on additional effort required to implement circularity
in their product development work. During the observation process, results were
compared with the key factors of circularity implementation in product development
at the same time, which could be used to understand the readiness and deficiencies of
these key factors, so as to determine the areas should be focused on in the subsequent
methodology development should focus on.

Observations were performed during PD&E working on PDP projects to see how
tasks were planned and executed, and how they were in accordance with circular
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2. Methods

principles. There were also monitoring at workshops, to find how cross-functional
teams were collaborating with each other, and how knowledgeable they were about
circularity based on their reactions to SKF’s circular design principles. At design
and demonstration phase, key users’ attitude, behaviors, and capabilities of trying
out the methodology, as well as their feedback were captured as input for future
planning of circularity implementation.

Company’s strategies and initiatives regarding circularity were examined to confirm
if action owners and plans were in place. PD&E’s working procedure, which is PDP,
was scrutinized to see if it provided instructions and tools to PD&E to execute
circular product design.

2.4 Workshop
To build a co-creative environment, open dialogue is an effective way to bring multi-
ple actors together. Thus, two workshops were arranged to enhance the alignment,
collect input, and pave the way for further collaboration in the value chain.

2.4.1 Circularity Self-Assessment workshop
Before action taking, it is crucial to understand the objectives and current maturity
of circular product development at the case company [11]. Therefore, a workshop
was conducted with nine colleagues, involving key stakeholders from sustainability,
PDE and Circularity Program in the case company. With participants from both
online and on-site, the workshop was hold in a conference room with Teams set
up for remote connections. To make the workshop efficient and effective, it was
prepared with goal & scope, agenda, materials & tools [12].

2.4.1.1 Goal & scope

The purpose of the workshop was to clarify the end goal, identify gaps between the
present and the future, and adjust the scope and prioritization of the thesis project.

The workshop followed backcasting A-B-C-D procedures [13], which was learned
from literature review and dilated in the result session, focusing on step A and B to
get circularity goals aligned and gaps identified in the first place. See the backcasting
procedure and scope of the workshop in Figure 2.2.

Step B and C would need to take the result from the self-assessment workshop, and
proceed with more discussions with cross-functional teams in details, therefore were
not included in this workshop.

2.4.1.2 Agenda

A structured agenda with topics, activities, working groups and allocated time was
attached in the workshop invitation to all participants. See the agenda of the work-
shop in Figure 2.3.
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Figure 2.2: Scope of the workshop [13]

Figure 2.3: The agenda of the workshop
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2.4.1.3 Handout of Circular Design Principles

Considering the seven Circular Design Principles published in 2018 was not well
known by participants and not yet integrated in their daily work, the detail expla-
nations of each principle were prepared in hard copy for on-site participants and
digital version for online participants. See example of the handout in Figure 2.4.

Figure 2.4: The example of handout used in the workshop

2.4.1.4 Self-Assessment workshop tools

In order to conduct the assessment in a systematic way, and to obtain a visualized
outcome, an assessment tools was built to be used in the working session. The tool
was a combination of SAM4SIP [11] and Overall Sustainability Fingerprint
[14] from DSIP, and associated with SKF’s seven circular design principles.

SAM4SIP: a self-assessment tool could help to gain insight on how the company
currently performs in relation to eight elements (backcasting, commitment, early
PDP, decision support, roles, competence, procurement, social aspects) for sustain-
ability integration and implementation [11]. It is used for high level assessment
covering a wide scope of the company. To use the tool in such a smaller scale of the
thesis project, six out of eight elements were restructured and grouped into three cat-
egories - organization alignment, process facilitation, and resource readiness. Each
category was further subdivided, resulting in a total of eight elements as key dimen-
sions for self-assessment. The other two - procurement and social aspects were not
considered in the Self-Assessment workshop due to their broad scope and limited
influence by PDE team. Procurement is highly relevant to product development and
has always been involved in PDP early phases in the case company. However, circu-
larity is a complex subject for procurement team to address from strategic planning
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to implementation, and it involves more than just product development. Therefore,
it was decided not to discuss Procurement in this workshop, but to focus more on
the scope of PDE in relation to circular product development. Social aspects were
excluded as the guiding questions of this session in the tool were very general, not
highly related to product development, and SKF has been always undertaking social
responsibilities with good reputation, thus it was not necessary to be included in
the workshop. See the illustration of the tool adaptation from DSIP - SAM4SIP in
Figure 2.5.

Figure 2.5: An adapted version of the DSIP tool - SAM4SIP

Overall Sustainability Fingerprint: another tool in DSIP, which could be used to
make comparison among different solutions by assessing sustainability level for each
life cycle phase and identifying sustainability hotspots to make improvements [14].
Templates in the tool show the level of sustainability compliance with a qualitative
scale where level 9 (green) is compliant with a sustainable solution and level 1 (red)
is lowest level of sustainability compliance. The result is automatically displayed in
a spider chart, which, combined with the colour scale, makes hotspots clearly visible.
Given that the aim of the workshop was to assess the level of circular compliance of
the case company, guided by their seven fundamental circular design principles, and
to identify gaps for further prioritization on improvement opportunities, the Overall
Sustainability Fingerprint tool was reshaped to assess current status of each circular
design principle, rather than different sustainability solutions.

With a merge of adapted SAM4SIP and Overall Sustainability Fingerprint, and
seven SKF circular design principles integrated, an self-assessment working sheet
(see example in Appendix B) was structured to be used by the participants in the
workshop. Figure 2.6 illustrated how the assessment in the workshop was organized
with above combination.
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Figure 2.6: A Self-Assessment tool combined with DSIP tools and SKF Circular
Design Principles

2.4.1.5 Assessment procedure

The participants of the workshop were divided to three groups with a mixture of
their functions, and each group took two or three circular design principles to give
scores based on the fulfillment of criterion given from the eight elements, see groups
in Figure 2.7. Continued with a discussion session, in which all groups presented
their assessments and adjusted the results until a final alignment was reached. See
assessment working procedure in Figure 2.8.

A follow-up discussion was facilitated, taking into account the workshop result, PDE
influence, as well as resource availability, to decide on the priorities and focus area
of the thesis project.

Figure 2.7: Groups divided for assessment
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Figure 2.8: Procedure of the assessment working session

2.4.2 Design for ReMan workshop
Another workshop - Design for ReMan was conducted to work with cross-functional
teams in operational level to deep dive into one particular Circular Design Principle
- Remanufacruable / Refurbishable. It involved ReMan factory, PDE and COMO
(condition monitoring) team, aiming to find the opportunities of bearing design
improvements to better enhance bearing remanufacruability and promote ReMan
business growth.

Since all participants of this workshop are located in Gothenburg, the workshop was
conducted on-site at SKF ReMan factory. With the smaller scale and very focused
topics, the workshop was arranged with two sessions, problem identification and
solution discussion.

2.4.2.1 Problem identification

A line tour in ReMan factory was taken with all participants in the first place,
to observe the main process flow of bearing remanufacturing, and understand the
PD&E related parts during operations. See ReMan main process in Figure 2.9.

Figure 2.9: Main process of ReMan

Following that, participants did more observation and discussion focusing on the
PD&E related parts, to get more insight of pain points and the related root causes.
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2.4.2.2 Solution discussion

After the line tour, all participants sat together and discussed about the potential
improvement to solve those pain points that ReMan factory had been suffering and
the leverage points of ReMan business model. A summary of the key points that
PDE could put effort on to ensure and improve bearing remanufacturability were
generated as an input for further evaluation tool development to implement ReMan
(as one of the Circular Design Principles) in product development.

2.5 Methodology design
There are six key elements to implement circularity in the organization: 1) high-
level strategies of circularity; 2) guidelines of design for circularity; 3) trade-off
management; 4) stakeholder engagement and value chain collaborations; 5) cross-
functional team set up and competence readiness; 6) evaluation of product circularity
performance [15]. The current situation of the case company was understood from
interviews, observations and analysis, and then compared with these six key elements
to find out the missing part that should be addressed from the thesis project, see
the comparison in Figure 2.10.

Figure 2.10: The comparison between key elements of circularity implementation
and SKF’s readiness

In SKF, circular strategies and principles were defined years ago, circular design rules
are going to be updated by the design rules owner when DfX inputs are clarified, and
cross-functional competence build-up is managed under other circular initiatives.
Therefore, the missing parts as highlighted in red from the comparison are mainly
in four aspects: 1) operational process; 2) circular business model; 3) trade-off
management; 4) circularity evaluation.

Although these four aspects are equally important, the contribution and influence
could be provided from organizations to them varies. Business and controlling hold
the main responsibility of the business model, and trade-off management is another
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broad issue to be addressed at the business project level, while PD&E, the initiator
of this thesis project, owns the responsibility of product development process and
the evaluation of the technical performance of the product. Thus, the design of
the methodology to implement circularity in PDP was mainly approached from two
aspects: operational process and circularity evaluation.

Circularity factors need to be incorporated into the workflow to ensure the adher-
ence during the product development process, while circularity performance and ef-
fectiveness must be evaluated to provide guidance at the practical level and support
decision-making throughout the process. Given that the case company’s product
development process has been running successfully for decades, and used as work-
ing instruction at PD&E’s project execution. It could enable a quick adoption if
circularity is integrated into the existing PDP workflow. However, the tool design
of the circularity evaluation needed to start from scratch, as there was no such tool
existing in the case company. References of tools could be found from literature
review, but it was necessary to adapt the tool to the specific characteristics of the
case company’s products and manufacturing processes.

2.5.1 Circularity integration
PDP, as the key process PD&E and other cross-functional teams follow to develop
products in SKF, was examined to see where and how it should have circularity
elements reflected to guide PD&E’s work. The PDP process contains seven phases
with project deliverables required for each phase, as well as gating reviews to decide
if the project meet the criterion to pass the gate and move to next phase. Deliver-
ables and gate review check points at each phase were scrutinized line by line, and
circularity elements were added where relevant. See brief description of SKF’s PDP
phases in Table 2.3.

Table 2.3: PDP process of the case company

PDP phase Description
Scoping Define the project goals & scope and get alignment with key stake-

holders.
Requirement Speci-
fication

Define system boundaries according to external & internal in-
put(s) and derive measurable requirements accordingly.

Concept generation Define and select concepts in alignment with external & internal
key stakeholders.

Design Transform the concept(s) into product design details and perform
cross-functional design review to get the design approved.

Verification Verify and complete the design for validation.
Design validation Validate the design to ensure external & internal requirements are

met and perform design review for design finalization.
Handover Release and communicate the technical product documentation

to production.

Pugh matrix, an existing tool in PDP supporting PDE to filter concept(s) at early
design phases, has Compliance Sustainability as one of the criterion to judge the
fulfillment of each design concept from legal / safety / environmental compliance and
sustainability rating perspectives. Under sustainability rating, circularity should be
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taken into account, and the corresponding assessment tool should be provided to
PDE to obtain circularity indications.

2.5.2 Circularity evaluation
To follow the workflow and implement circularity in product development, it is
crucial for PD&E to have appropriate evaluation tool to measure the progress and
give indication of how circularity is implemented in the product design and later
phases [16].

To begin with, principles were established as a foundation to derive relevant and
measurable factors. In the case company, there were seven Circular Design Prin-
ciples (as mentioned in section 1.2) published in 2018 and still valid today as the
baseline for circularity implementation. Therefore, the seven principles were cho-
sen as the fundamental standards to further develop a tool to measure circularity
performance. In the next step, reference tools learned from literature review of cir-
cularity evaluation were summarized in a table with their core characteristics listed.
Meanwhile, key users of the evaluation tool in the case company were identified,
and their needs were collected and rated in terms of importance. These needs were
converted into functional features and then used in a Pugh Matrix to compare with
the characteristics of the reference tools in order to screen out the most adaptable
ones that could be used as references for the evaluation tool design. Subsequently,
the selected tools were tested with real product cases to further confirm their adap-
tation to the case company’s context and then the way to design the evaluation tool
was decided. At last, an excel based tool to assess and compare design concepts’
circularity performance through guiding questions was built upon above, and it was
named CPAT (Circular Product Assessment Tool) .

2.6 Demonstration and Evaluation
To answer the last research question, assessing the effectiveness of the developed
methodology is crucial. Therefore, a demonstration and evaluation of the circularity
implementation methodology within real PDP projects were arranged to clarify their
potential, boundaries, and limitations.

2.6.1 Demonstration
The demonstrations of the method to integrate circularity in the product develop-
ment process were conducted with two experts and one product design engineer
in SKF PD&E team. Real project cases were taken into the method and walked
through the PDP process to check the applicability.

In terms of the circularity evaluation tool, demonstrations were managed with eight
product design engineers through Teams 1-on-1 meetings, and each engineer took
one of their ongoing PDP project cases to go through the CPAT tool within one
hour. The session started with a background introduction of the PDP project, to as-
sess if the purpose of the product design was relevant to circularity or other aspects
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(e.g. cost reduction, CO2 emissions reduction, etc.). Following that, the product
concepts were described in order to obtain a better understanding of the concept
comparison in later assessment session. Each PDP project case had two or three
product concepts with differences on component design, material selection or manu-
facturing process. Every product concept was walked through the guiding questions
in the assessment tool and put a score under each guiding question according to the
applicable answer. Once the guiding questions were all finished, a final score would
be automatically calculated and showed up in the tool, the lower score means more
circular product.

2.6.2 Evaluation
Demonstration results were evaluated to investigate the validity of the methodology
and the prerequisites of applying it.

The results of the circularity integration demonstration triggered further discussion
of key stakeholders, who should be involved in the process, and their roles and
responsibilities. The output of CPAT demonstrations was examined to see if the
different levels of circularity could be reflected by the tool. At last, a pattern was
summarized as the condition of using the assessment tool.

Findings during demonstrations also triggered several iterations of the methodology
to better fit with product development scenarios in the case company. The outcome
from the evaluation could support and guide the further development of tools for
the circularity implementation in the case company, as well as bring insights to
academia for future research.

2.7 Communication
The developed methodology were reviewed by PDP owner to gain the alignment
on the purpose, the validity and future plans. It was also introduced to Engineer
Sharing Hub, which was conducted in PD&E organization globally through Teams
conference, to bring awareness to the team of the coming activities to implement
circularity in product development.

The thesis project was presented to management team members in PD&E and Group
Sustainability at SKF, to recognize the approaches taken to design the methodology
to integrate and evaluate circularity during product development, the validity of the
methodology, as well as to align on future plans to complete and final release the
upgraded PDP and the CPAT to support the circularity implementation through
out PDP phases.

2.8 Constraints
The positive contributions from circular economy include economic, environmental,
and social perspectives [17]. To get a holistic view of the impact from circularity im-
plementation, it is necessary to measure these three aspects and manage the conflicts
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between them. However, the project was initiated from SKF’s PD&E department
with a focus on circularity implementation in the product design. Therefore, the
study excluded trade-offs between circular design and other project performance in-
dicators (such as capital investment, product cost, resource, and time), and it also
excluded the topic of circular business model which is a key enabler of circularity
but is managed by business and controlling in the case company.
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3
Results

This chapter presents the result in seven sections. Section 1 focuses on existing
methods and tools proposed from previous research supporting organizations on
collaborative circular product development in the value chain, and the selection of
them. Section 2 to 4 cover the approaches taken to collect the input of methodology
development for implementing circularity. Finally, section 5 and 6 exhibit how the
developed methodology was designed and the effectiveness was verified.

3.1 Literature review

3.1.1 Frameworks for collaborative circular product devel-
opment

While more and more companies are aware of CE is an effective approach towards
sustainability, the implementation of circular solutions is facing complex barriers
from cultural, technical, and institutional perspective [18]. Collaboration is a neces-
sity between organizations to achieve CE, as it enables interactions and integrations
of knowledge and resource, as well as inspires co-creation.

A number of studies have investigated the frameworks for circular collaboration, and
the key factors of the framework are: 1) circular proposition; 2) people engagement;
3) objective alignment; 4) governance mechanism; 5) circular model [19]. The sec-
ond factor is extremely crucial as internal and external stakeholders holds diverse
propositions and therefore play a key role in the collaboration. The stakeholders are
normally identified as internal cross-functional teams (eg. marketing & sales, tech-
nical research & development, business development, purchasing and supply chain,
production), external customers and suppliers, as well as academia, consulting and
NGOs. See the circular collaborative framework with key stakeholders’ engagement
illustration in Figure 3.1.

It could be seen from the framework that circular activities should start from the
beginning of the project and value chain partners should be involved in early phases.
Therefore, when designing the methodology to implement circularity in the case
company, the circularity elements need to be integrated in SKF’s PDP from the
outset, as well as the engagement from value chain.
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Figure 3.1: Circular collaborative framework in the value chain (building on the
model proposed by Brown et al., 2021)

3.1.2 SPD and CE methodologies
There are method and tools developed to support organizations implement SPD
from strategic level to practical actions.

Backcasting, an approach could be used to make strategic planning of complex
problems. It encourages stepping outside of existing paradigms and aligning on a
shared goal between value chain actors in a systematic way [20]. With the well-
defined end-goal, the risk of over/under emphasizing problems could be reduced
[13]. An A-B-C-D methodology was presented in Figure 3.2 to:

• A - have organizational awareness and alignment on the desired future

• B - look at current status to identify the problematic gaps

• C - find potential opportunities to fill the gaps

• D - prioritize the actions and make detailed plannings

Figure 3.2: Backcasting A-B-C-D procedure [13]
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DSIP (Digital Sustainability Implementation Package), led by Professor. Sophie. I.
Hallstedt from Chalmers University has compiled a set of tools for SPD into a digital
package [21], with the aim to include Circular and Data Driven Collaborative Design
Framework to build a base for circular solutions with actors in the value chain. The
tools from this platform could be adapted to fit with the context of case company and
used for workshop, assessment and analysis. See DSIP platform and the summary of
tools in Figure 3.3 and 3.4. SPD workshop method [10] showed the logic to manage a
backcasting workshop, which inspired the conduction of Circularity Self-Assessment
Workshop. SAM4SIP [11] and Overall Sustainability Fingerprint [14], as introduced
in section 2.4.1.4, were found particularly useful to align the goal, realize the present,
and identify the gaps at early stage of sustainable product development.

Figure 3.3: DSIP knowledge platform [21]

Circular economy strategies - 9RS, a set of "R-behaviors" which supports the
shift to a circular economy [5], see Table 3.1. It created the R-behaviors in a general
way which was applicable to manufacturing industries. Organizations could take it
as a reference to derive their own circular design principles, taking product characters
and business models into account.

3.1.3 Tools to measure product circularity
To ensure the value chain circular collaborations are towards the aligned goal, it is
necessary to build a measurement system to give guidance to the circular activities as
well as evaluate the circular performance [22]. Many tools have been developed and
often used to support organizations from different perspectives, and the frequently
mentioned and commonly used tools were listed below:

• MCI (Material Circularity Indicator): A product level metric focusing on ma-
terial flow and utility factor [23]. It requires many data collections including
use and recycling phase which might be difficult to get in product early design
phase.

• CDR (Circular Design Rules): An online tool gives overall assessment from
Material, Component, and Service aspects. Guiding questions of each aspect
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Figure 3.4: DSIP tools through out project phases
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Table 3.1: Circular economy strategies [5]

R Strategy Description
R0 Refuse Make product redundant by abandoning its function

or by offering the same function by a radically dif-
ferent product.

R1 Rethink Make product use more intensive (e.g. through shar-
ing products, or by putting multi-functional prod-
ucts on the market).

R2 Reduce Increase efficiency in product manufacture or use by
consuming fewer natural resources and materials.

R3 Reuse Re-use by another consumer of discarded product
which is still in good condition and fulfils its original
function.

R4 Repair Repair and maintenance of defective product so it
can be used with its original function.

R5 Refurbish Restore an old product and bring it up to date.
R6 Remanufacturing Use parts of a discarded product in a new product

with the same function.
R7 Repurpose Use discarded product or its parts in a new product

with a different function.
R8 Recycle Process materials to obtain the same (high grade)

or lower (low grade) quality.
R9 Recover Incineration of materials with energy recovery.
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are given to users and a recyclate percentage is calculated after all questions
are answered [24]. It could be used to compare the different design concepts
but not open for customization for diverse user context.

• CET (Circular Economy Toolkit): An online tool aids organization to find
potential improvements through product full lifecycle [25]. The guiding ques-
tions in the tool are not editable, and information from full lifecycle is required
to answer those guiding questions. The result from CET shows potential cir-
cular improvement directions but not visualizes circularity comparison across
product designs.

• CEIP (CE Indicator Prototype): A tool built in MS Excel with guiding ques-
tions grouped by product lifecycle stage [22]. Answers are pre-set for users
to choose from, and score is automatically calculated based on the selected
answers. The result is visualized in a spider diagram indicating the circular
strength and weakness of each product lifecycle stage.

• CAT (Circularity Assessment Tool): An excel-based assessment tool to evalu-
ate how circular the product concepts are based on defined circular guidelines
[26]. The tool is editable, and it gives good visualization of concepts circular
performance ranking.

• PCM (Product-Level Circularity Metric): A cost-based ratio calculation of
circulated parts value to the total product value [27]. It takes activity cost
into consideration and supports decision making from financial standpoint.

• LCA (Life Cycle Assessment): A method to holistically assess how much envi-
ronmental impact the product brings in its lifecycle [28]. It provides quantified
data for decision making but has high demand on data collection which might
be unrealistic in early product design phase.

The characteristics of each tool were summarized in Table 3.2, which was used for
tools screening later on.
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Characteristics of circularity evaluation tools

Tools Sustainability
expertise is
needed

Utility
data is
required

Editable
for com-
pany
context

Local file Free of
charge

MCI Yes Yes No Yes Yes

CDR No No No No Yes

CET No Yes No No Yes

CEIP Yes Yes Yes Yes Yes

CAT No No Yes Yes Yes

PCM No No Yes Yes Yes

LCA Yes Yes Yes No No

Table 3.2: Characteristics of circularity evaluation tools

The advantages of frameworks and tools are significant, but to make them adapt to
the company’s context is a necessity, and there are also many challenges to apply
them in practices due to lack of:

• Resource competence – Many of the tools need data collection associated with
sustainability/circularity factors that may not be known by people who are
making the circular efforts.

• Data accuracy – The data collected especially at early design phases may not
be accurate and might mislead the decision of circular approaches.

• Trade-offs management – Circular indicators may be in contrast with each
other or have conflicts with economic targets, therefore it is difficult to manage
the trade-offs and make decision.
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3.2 Interview
During the initial interviews, the pain points were consistently mentioned by differ-
ent interviewees that although circularity has been included at a strategic level for
many years, it has not been put into practice. One of the interviewees from engi-
neering team said "The strategy of circularity has been made for years, but there’s
no rules or guidance to our design work. Another fact is we were mostly requested
to design for low cost, is sales working on circular business model as well?" The
statement reveals the lack of circular design support and value chain collaborations
towards circularity. Insight from different angle could been seen during interview,
"If we could have the process and tool to guide or inspire product design engineers
to make a circular product, we could proactively offer our customer a more circular
and sustainable product and create value beyond their expectations." said another
interviewee from management team. There were common voices talking about the
absence of decision making support and engineering competence as well, "We’re
lacking quantitative knowledge on the topic of circularity, and this always makes
it hard for us to decide which direction to go", "Our process need to be upgraded
with circular design elements and engineering competence needs to be enhanced to
facilitate the circular product development", "Other cross-functional teams should
be engaged as well, otherwise it’s not achievable" said other interviewees. When
talking about key challenges of circular approaches, most of the interviewees were
in line with the need to measure circularity performance in order to guide product
design and support decision making throughout the product development process.
They were hoping to see the thesis project could create a methodology to get these
challenges addressed, but preferably the methodology is based on existing system
architectures or requires minimal effort to adopt. See summary of interviews in
Table 3.3.

At the demonstration stage, interviews were conducted at the end of each case study
to collect users’ feedback of the developed methodology and needed improvement.
Regarding the method of circularity integration, it was recognized that SKF’s PDP
is the most effective matrix to integrate circularity elements, "Every product design
engineer follows PDP checklist to do their project, circularity tasks should definitely
be there, but the roles and responsibilities, as well as governance should also be
defined in the document." said the PDP owner. In terms of using CPAT to evaluate
circularity in early design phase, product design engineers perceived the tool was
user-friendly and helpful to inspire them towards circular design, "I was not aware
that lifting holes could benefit ReMan, now I felt I should learn more about how
ReMan is conducted for my product, then I may have better ideas to do the design"
said one of the product design engineers. They also raised concerns about the tool
with one version covering all different types of bearing. In SKF, there are more
than twenty types of bearing product with different features and functions, plus
more products other than bearings. With the future work to complete the CPAT
for all circular design principles, it needs to verify if one generic working sheet is
able to capture sufficient circular design details to compare different bearing design
concepts, as well as to clarify if more working sheets should be developed to assess
the circularity of other products (eg. seals and lubrications).
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Table 3.3: Summary of interviews

Position Responsibility Challenges

Program
manager

Leader of Circularity
Program

To quantify circularity effects or indi-
cators for decision making

Product
and Ser-
vice Sus-
tainability
Manager

Circular design rules Implementation of circular design rules

PD&E Ar-
chitecture
& Expert

EMEA PD&E strate-
gies and priorities

To implement circular design in prac-
tice

PD&E
Portfolio
Manager

PDP process, circu-
lar design competence
build up

Process to integrate circularity in prod-
uct development Circular design assess-
ment Full value chain awareness and
collaboration

PD&E Ex-
pert

Project leader of Cir-
cular Design of Bear-
ings

Process and tools to work in practice
Full value chain collaboration (business
model, supply base)
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3.3 Observation and analysis
The existing PD&E’s working procedure - PDP was reviewed and found not to
be well considered for circularity through out the process. There was no check
point at the project scoping phase to identify circular requirements from external
and internal stakeholders. In the later phases of product development, circularity
was seldom mentioned as well. The PDP checklist, which defines deliverables of
each project phase and project gating requirements, was discovered not including
circularity deliverable as one of the gatekeepers. Sustainability was mentioned at
some point, but the reference documentation is a general guidance that could not
be used to measure the circular performance. Meanwhile, product design engineers
were found following PDP checklist for project task planning and execution. Since
circularity was not embodied in PDP checklist, there was no design work planned
for such purpose.

In addition, design rule was found as another important document which PE&E
follows to design the product according to established principles. There were seven
circular design principles published in SKF years ago, and a plan was in place to
create design rules accordingly. However, it depends on the interpretation of the
circular design principles, which needs to be addressed further on.

In PD&E’s previous working experiences, there were both tangible - concrete prod-
uct and intangible - product service system (PSS) developed to fulfill business needs.
However, PSS offers were not successful due to the lack of support from a circular
business model to bring internal and external stakeholders to agreements.

In ReMan factory, some types of bearing disassembly have been suffering for a long
time from the bearing design, but there was no direct dialogue between ReMan
factory and PD&E team for improvements. There are also potentials that condition
monitoring (COMO) system could benefit ReMan business, but no collaboration
was bringing these two teams together for co-creation. In short, the voice of ReMan
team was not delivered outside of ReMan factory.

However, the wide awareness of circularity strategy in the case company makes the
journey promising. It was also encouraging to see management team is trying to
work proactively to get ready for the circular product design instead of waiting for
the circular requirement from downstream, and the competence build-up plan was
already in placed and assigned to PD&E portfolio manager to enhance the com-
prehension and capabilities of circular product development in PD&E organization.
Many cross-functional teams are also actively embracing circularity implementation,
and willing to strengthen collaboration across the value chain.

3.4 Workshop

3.4.1 Self-Assessment of circularity in product development
The workshop was processed according to the agenda and completed on time with
expected results. However, some findings during the workshop could be an inspira-
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tion for future improvements:

• Some participants were not familiar with the seven circular design principles,
therefore extra time was spent for them to read the explanations of each prin-
ciple in order to have correct understandings before moving to assessment
session.

• The guiding questions in the assessment tool were easy to follow, but partici-
pants had different understandings based on their experience and competence.

• The time needed to finish the assessment for three groups respectively varied
due to the different level of understanding about circular design principles and
company present status.

• In the final presentation and discussion session, participants were easily aligned
with each other without debates or arguments.

The self-assessment resulted in a total score of each circular design principles. Due
to the scores were unevenly distributed, natural-breaks classification [29] was used
to group the seven principles to: 1 - having big gaps; 2 - having medium gaps; 3 -
having small gaps, as shown in Figure 3.5. The result was also visualized to seven
spider charts showing the areas where gaps are, see the spider charts in Figure 3.6.

Figure 3.5: Scoring group of the seven circular design principles

Two main gaps were identified from the spider charts:

• PDP facilitation and Resources & Tools readiness;

• Value chain collaborations for some circular design principles (eg. circular
supply, remanufacturable/refurbishable, etc).

To implement circularity according to the case company’s given guideline, effort
should be put on the identified gaps of each circular design principle. However, with
limited time and resource of the thesis project, as well as considering influence from
PD&E, gaps between present and future, and the available demonstration resource,
Remanufacturable/Refurbishable was prioritized as the focus area in the thesis
project to continue the development of method and tools. See the prioritization in
Figure 3.7
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Figure 3.6: Result of the Self-Assessment Workshop

Figure 3.7: Prioritization of project focus area

30



3. Results

3.4.2 Design for ReMan
In the Design for ReMan workshop, painpoints related to PD&E were marked in
the process flow and the locations where these painpoints occured were identified.
See the pain points in Figure 3.8.

Figure 3.8: ReMan pain points

Following further technical discussions, a list of improvement opportunities was de-
rived including both product design and value chain readiness perspectives. Every
pain point was investigated, in terms of where it happened, how it could be im-
proved and who the owner of improvement actions should be. The actions related
to PD&E were the key inputs for the development of circularity evaluation tool at
the later stage. Due to the confidentiality of the data, details of this list could not
be presented in this report.

3.5 Methodology design
The development of the methodology to implement circularity was mainly from
two aspects, circularity integration and evaluation. Circularity factors need to be
integrated into working process, so it could be followed during product development.
Circular performance and effects must be visualized with indicators to give guidance
on a practical level and support decision-making throughout the process.

To develop a tangible approach for implementing circularity in product development,
a methodology was designed for circularity integration and evaluation based on the
case company’s existing product development procedure, ongoing circular strate-
gies and key initiatives. The existing circular product development frameworks or
tools in academia or industry could be taken as reference, but adaptation was a
necessity to tailor the approach to the case company’s product and manufacturing
characteristics.

3.5.1 Circularity integration

3.5.1.1 PDP framework in the case company

The existing overall PDP process in SKF has seven phases: Scoping, Requirement
Specification , Concept generation & selection, Design, Verification, Design Valida-
tion, and Handover. The objective and content of each phase was examined and
found that should be updated to put circularity consideration from beginning of
PDP in order to make a thorough design under an aligned circular target. See the
relevance to circularity of each phase in Table 3.4.
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Table 3.4: The relevance of PDP phases to Circularity

PDP Phase Relevance to Circularity

Scoping A filtering to select the applicable circular design
principle(s) as circular strategy of the project.

Requirement Specifi-
cation

To identify circular requirement from external and
internal stakeholders.

Concept generation &
selection

To pre-evaluate and rank circular performance of each
concept as a supporting reference for concept selec-
tion.

Design To implement the circular design.

Verification To assess circular performance of the design.

Design validation To finalize the circular design rules of the product.

Handover To implement and document the circular solution for
product industrialization.
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The current PDP had material compliance and sustainability performance featured
throughout the Product Development Process, see Figure 3.9. However, the engage-
ment to circularity from this process was insufficient, therefore a new PDP with
circularity full integration was developed as showed in Figure 3.10.

Figure 3.9: Existing PDP with sustainability featured throughout the process

Figure 3.10: Proposed PDP with circularity integrated

3.5.1.2 PDP gating

As the PDP requires gate reviews to ensure needed actions were taken before the
project moves to the next phase, the PDP checklist, where key deliverables of each
phase as well as check points at each gating are listed, was the key document used to
guide the design work in PD&E. There were technical and cost considerations, but
not circularity. It should be improved to include circularity elements to safeguard
PD&E has taken circular approaches during PDP execution when applicable. In
addition, tools should be added to support the circular appraches. See example of
circularity integrated PDP checklist of phase deliverables in Figure 3.11, and PDP
gating questions in Figure 3.12, the added circularity elements were shown in blue.
The engagement from cross-functional teams was discussed to have a role acting in
PDP to execute and govern the PDP checklist in the case company.

3.5.1.3 Pugh Matrix

As the most effective and commonly used tool for PD&E to rank and select con-
cepts, Pugh Matrix should have circularity included in the session of Compliance
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Figure 3.11: PDP phase deliverables with circularity integrated
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Figure 3.12: PDP gating questions with circularity integrated
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& Sustainability. Sustainability rating, as the given compliance criteria, should be
supported with measurement tool with reference link documented in Pugh Matix.
See proposal of circularity to be added in Pugh Matix in Figure 3.13.

3.5.2 Circularity evaluation
To develop the measuring system for circularity evaluation, key users of the evalu-
ation tool were identified in the first place:

• PD&E, who follows PDP process and design principles & standards to design
the product

• Other cross-functional team members (manufacturing, purchasing, . . . , etc),
who are engaged to support on product industrialization

• Project governing group, who oversees the process and make decisions at
project gating and conflicts

After that, key stakeholders’ needs of the circularity indication tool were recognized
through interviews and observations as inputs of the evaluation tool design. See the
summary of key stakeholders’ needs with importance level in Table 3.5.

Table 3.5: Key stakeholders’ needs

Key stakeholder Need Importance

PD&E and other cross-functional teams
engaged in PDP

Standards to follow for circular
product development

High

Guidance of circular product design
and other circularity activities

High

Working environment for cross-
functional team collaboration

High

Extra support if the tool requires
competences they don’t have

Medium

Management team Quick implementation of the tool High

Support on decision making at con-
flicts and project gating

High

Working efficiency and effectiveness Medium

Based on the collected key stakeholders’ needs, the features of the tool were defined
as follows:
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Figure 3.13: Circularity to be added in Pugh Matix
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• Practicable in early product development phases without detailed product
design;

• Containing value chain collaborations;

• Understandable without learning additional sustainability/circularity exper-
tise;

• Providing measurements to guide the design work and decision making

• User-friendly and easy to be adopted.

To take reference from existing evaluation tools for further development adapting
to the case company’s context, a Pugh Matrix was performed to eliminate the un-
suitable tools with the defined features, see the elimination process and outcome in
Table 3.6.

Pugh Matrix

Tools In Engi-
neering
lan-
guage

Editable
to fit
with
SKF’s
context

Suitable
for early
design
phases

No
extra
cost/au-
tho-
rization
needed

Summary Decision

MCI Datum Datum Datum Datum 0 Kill

CDR 1 0 1 0 2 Develop

CET 0 0 0 0 0 Kill

CEIP 0 1 0 0 1 Kill

CAT 0 1 1 0 2 Develop

PCM 1 1 1 0 3 Develop

LCA 0 1 0 0 1 Kill

Table 3.6: Pugh matrix

As a result, CDR (Circular Design Rules), CAT (Circularity Assessment Tool), and
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PCM (Product-Level Circularity Metric) were selected for further investigation -
testing with SKF’s main product and analyzing the results. The try outs were
summarized as follows:

• CDR [24] - An online tool that provides guiding questions from three perspec-
tives (materials, components, and services). It was tested with two different
bearing designs but resulted in same recycle rate because the guiding questions
are not detailed enough to capture the impact from different bearing designs
on circularity. The guiding questions are applicable for bearing products or
most manufacturing products in a general way, but it could not be modified to
reflect further more design details since it is not an open tool for adaptation.
See CDR test results of product A and B in Figure 3.14.

Figure 3.14: Test result of CDR

• CAT [26] - An excel based editable tool, which conducts assessment according
to design guidelines. It has good visualization for concepts ranking, but the
given guidelines are in general and not fully relevant with SKF’s bearing prod-
ucts. However, there is possibility to modify the tool to reflect SKF’s circular
design principles and then to try it out with different bearing designs to see
the validity. See try out example of CAT in Figure 3.15

• PCM [27] - A method that uses simple equations to calculate circularity ratio
by components value/weight and gives quantitative results for different bearing
designs. The equations were easy to understand and could be calculated by
estimated component cost/weight at early design phases. Taking example
from three different product concepts A/B/C, the calculation results showed
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Figure 3.15: Example of CAT
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concept A has higher circularity ratio if the calculation was based on weight,
but it resulted in a different ratio when calculated by value. The reason was
because concept C has component 4 valued much higher than the component
in Concept A and B, see Figure 3.16. Therefore, depends on product type and
strategy, different calculation method should be considered.

Figure 3.16: Example of PCM calculation method

Based on above findings, it was decided to eliminate CDR but further develop and
customize CAT to match it with SKF’s circular design principles and its main users’
needs, and to integrate PCM into CAT to obtain a holistic assessment tool.

Considering the adherence to the fundamental principles established at the outset,
and linking the circularity assessment with business input and value chain partners’
engagement, the tool was built with following steps:

• Replace General design guidelines with SKF Circular Design Principles

• Add filtering of circular design principles to align with business/product strate-
gies

• Set the scoring from product design and value chain readiness perspectives

• Design guiding questions according to the outcome from discussions with cross-
functional teams

• Integrate circularity ratio calculations (introduced by the New Product-Level
Circularity Metric) in the guiding question

The draft version of the tool was created and reviewed by key users and updated
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based on their feedback before proceeding with demonstration. Lastly, a tool called
CPAT (Circular Product Assessment Tool), referencing from CAT [26], was finalized
after several iterations of guiding questions based on discussions with key stakehold-
ers from PD&E, ReMan and COMO team. See illustration of the tool customization
in Figure 3.17.

3.6 Demonstration and evaluation
To verify the validity of the customized tool, eight try out sessions were arranged
with PD&E from different product lines to go through guiding questions using their
ongoing or finished PDP projects. Seven out of the eight cases were from bearing
product projects, and the other one was related to only component development.

It took 15 to 30 minutes of each try out to finish all guiding questions under ReMan
session, and more time was needed if the PD&E had insufficient knowledge about
ReMan. Less than 3 minutes was spent on each question except the one regarding
Remanufactured/refurbished ratio, which took longest time to clarify and discuss
how it should be calculated.

Out of the eight cases, four cases received different scores for different design con-
cepts, which indicated the circularity level of design concepts as expected. In the
other four project cases, the different design concepts in each did not result in dif-
ferent scores from the guiding questions to distinguish the degree of circularity. See
the summary of demonstration results in Table 3.7. A pattern could be found from
the try out results that the assessment tool would be valid for bearing products (not
specific component), which are relevant with ReMan.

3.7 Communication
In the Engineering Sharing Hub, the PDP integrated with circularity was intro-
duced to PD&Es from different regions, and the CPAT was show cased with one
project example. The PD&Es appreciated the guidance could be given from the
PDP process and evaluation tool to implement circular product design in their daily
work.

The developed methodology as well as try out results were reviewed with key stake-
holders in the case company. They endorsed the rationale of the approaches taken
to develop the methodology and found the demonstration results promising as ex-
pected.

It was decided at the management level that same steps should be taken to get
circularity integrated in each phase of PDP, and to have guiding questions set up
for the rest Circular Design Principles in the Circularity Assessment Tool to give
indications of product designs’ circularity performance as a whole.
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Figure 3.17: Customized Circularity Assessment Tool
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Table 3.7: Try out results of the Circularity Assessment Tool

Product
type

Product
Name

Product
relevance
with Re-
Man

The tool
shows
valid re-
sult

Reason of invalid result
(from ReMan perspec-
tive)

Bearing A Yes Yes NA

Bearing B No No Small and low value prod-
uct, no ReMan needs, de-
sign is not aiming for Re-
Man.

Bearing C Yes Yes NA

Bearing D No No Smaller component in the
new design for cost reduc-
tion, but no improvement
for ReMan

Bearing E No No Manufacturing process
changes for CO2 reduction,
but no improvement for
ReMan

Bearing F Yes Yes NA

Bearing G Yes Yes NA

Ball H Yes No Specific component, not ap-
plicable for the questions re-
garding bearing design
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Discussion

The thesis project developed a methodology for implementing circularity in product
development at a bearing manufacturing company. It showcased how the method
and tools developed in the research area of circular product development could be
adapted to aid organizations on related activities, and the key factors required for
circularity implementation. Although the project was scaled down due to time and
resource constraints, the effectiveness of the developed methodology was verified
and laid the foundation for expanding the coverage of circularity implementation in
the future at the case company. The project results could also provide a reference
for the manufacturing industry, especially hardware-related companies, to plan their
journey of circularity.

4.1 The adaptation of methods and tools from
previous research

The conduction of the thesis project has taken many references from previous re-
search. Many of the methods and tools found from the literature review were in-
spiring, but could not be directly adopted in the project.

In the initial phase of the project, backcasting was a useful methodology to bring all
key stakeholders together to align on the goals and identify the gaps between present
and future for prioritized action planning. To apply the backcasting methodology,
a workshop was organized to carry out a self-assessment of circularity at the case
company, and tools were selected to facilitate the workshop. Two particular tools
were found from DSIP that had the potential for such self-assessment, but the
existing settings of the tools were either in a larger scope or for a different purpose of
assessment. Therefore, recompiling of these tools was crucial, otherwise the expected
self-assessment results would not be achieved.

Similarly, the tools referenced for circularity evaluation were not fully fitting with
the context of implementing circularity in SKF. Some of the tools have circular
design guidelines that are not in accordance with SKF’s circular design principles.
Some of the guiding questions that facilitate the evaluation in the tool were in a
general level and could not capture the differences between different bearing designs
to produce an evaluation result that supports concept selection. Some well-known
tools, such as MCI and LCA, support holistic assessment over the product life cycle,
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but have difficulty to be adopted without product data from utility and required
expertise, so they were not adaptable for the circularity performance evaluation at
product development early stage in PD&E organization.

All these practices demonstrated that it is essential to filter and adapt existing tools
in the context of the case company to make them applicable.

4.2 The application of the methodology to imple-
ment circularity in product development

A practical methodology was developed from the study to implement circularity in
product development. It could be summarized as following: 1) confirm the basic
principles of circularity in the case company; 2) use backcasting procedure to align
the goals, realize the present, identify the gaps, find solutions, and plan for actions; 3)
integrate circularity activities into the case company’s product development process
with key stakeholder and governance defined; 4) provide tools and references to
support the activities related to circularity. This methodology could be referenced
by other manufacturing organizations, but the adaptation to their own context is
the key to make the methodology applicable. See the illustration of the methodology
in Figure 4.1.

Figure 4.1: The methodology of implementing circularity in product development

The key factors to implement circularity in product development were investigated
in the context of the case company during the project and found necessary to ensure
the readiness of the following aspects, and it is extremely important to have the first
four aspects ready in the early stages of the product development process.

• Organizational strategies and top-down commitment

• Stakeholder engagement and value chain working procedure

• Circular design rules and circular business model

• Product circularity performance evaluation
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• Resource and competence

• Trade-off management

4.3 Limitation
With limited time and resources given to the thesis project, the development of
the methodology to implement circularity was carried out based on the existing
foundation of SKF within a lean scope, instead of full participation of the process and
value chain partners. Furthermore, the development of the circularity assessment
tool could be conducted with a more holistic consideration.

4.3.1 Circular design principles
At SKF, seven circular design principles have existed for many years, providing a
foundation to the thesis project to develop the methodology of circularity imple-
mentation. Therefore, no effort was taken on circular design principle set up in
this project. However, it might be worthwhile to re-visit the 9RS circular economy
strategies and see if the seven circular design principles needs to be updated. In
addition, other manufacturing organizations, especially SMEs (Small and Medium-
sized Enterprises), might not have circular design principles defined yet. In this case,
the baseline establishment should be the first step for implementing circularity, and
9RS could be a good reference at the starting point.

4.3.2 Value chain involvement
As emphasized in Section 3.1.1, value chain collaboration is extremely important
to achieve success in circularity. To ensure collaboration happens during product
development, it is crucial to identify who the value chain partners are, when and
where they should be involved. However, due to the limitation of time and resource,
only stakeholders have direct influence to the project were involved in interviews,
observations and workshops. Meanwhile, the project focused on only one circular
design principle - remanufacturable / refurbishable, which led to the engagement
of PD&E, ReMan, and COMO team. In fact, procurement also plays a role in
ReMan to support material supply, and there is potential that PD&E could work
with buyers to optimize component design or selection. Nevertheless, procurement
was not involved for the purpose of reducing project complexity.

There should be more internal and even external value chain partners (eg. suppliers
and customers) to be sorted out according to all circular aspects in a thorough way,
and working procedures across them should be established to guide their collabora-
tions.

4.3.3 The coverage of methodology development
It was stated in Section 3.5.1 that each phase of PDP should have circularity element
integrated to guide PD&E’s work throughout the process. However, the focus was
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only put on Technical feasibility & Concept selection phase in the thesis project.
To ensure the integration of circularity in the whole PDP, similar approach should
be taken to reflect circularity elements in the rest phases, and more reference tools
might be needed, in particular the circularity performance verification tools at later
phase of PDP.

Moreover, the CPAT, which was proved that could support PD&E on comparing
design concepts from circularity perspective, had equipped for circular design prin-
ciple - Remanufacturable/refurbishable only. During demonstration, when the PDP
project was not relevant to ReMan, the tool could not tell a comparable result for
different concepts. To give a comprehensive judgment for concept selection, the
other six principles should also be filled with guiding questions to obtain a complete
assessment tool.

Additionally, it was argued in Section 2.5 that circular business model and trade-off
management were excluded in the methodology design due to the limited influence
from PD&E for these two key factors for implementing circularity in product devel-
opment. However, PD&E’s work has strong connection with the circular business
model and trade-off management. The circular business model need to go hand-in-
hand with circular product design to define the go-to-market strategy and capture
the value of circular business [30]. Trade-offs should be managed based on a com-
prehensive understanding of the environmental and economic potential of design
alternatives, in order to avoid misguided decisions [17]. Even if PD&E is not the
owner of these two factors, it is necessary for PD&E to contribute in their estab-
lishment.

4.3.4 The Circular Product Assessment Tool
The development of the circular product assessment tool aimed to enable its ap-
plication at an early stage of product development, thus excluding reference tools
that require full life cycle data. However, this may lack consideration and lead to
misleading decisions during product development. MCI, LCA and other tools might
be worth considering even if only partial product life cycle data is available for ap-
plying the tool. In academia, it might also be worth studying how simplified models
of these tools could be developed to support PD&E in adopting them for product
circularity evaluation at early stage of design.

In terms of the CPAT working sheet, seven SKF’s circular design principles were
attached prior to the assessment working sheet. The intention was to provide CPAT
users a basic understanding of the seven circular design principles. However, it was
not clear enough to eliminate misunderstandings or confusions. Concrete examples
should be provided, and the alignment among cross-functional teams is crucial be-
fore implementing the tool. In addition, the guiding questions in the assessment
working sheet was designed in the context of bearing product, and demonstrated
with seven different types of bearing. More verification is needed to check the valid-
ity for all types of bearing product, and it should be discussed with key stakeholders
about the coverage of other products (eg. lubrication, seals,... etc.) for circularity
implementation.
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4.4 The value of implementing circularity in prod-
uct development

There is no doubt to say that circular product design is a key enabler of Circular
Economy which benefits the business and our environment. It extends product
lifespan and unlocks new business model [3]. In the particular study - Design for
ReMan at SKF, it showcased how circular product design could improve working
efficiency and effectiveness, and bring more opportunities to ReMan businesses.

Further more, the implementation of circularity in product development promotes
opportunities for circular collaborations in the value chain. In the traditional prod-
uct development process, which applies to most hardware related manufacturing
companies, product design inputs are normally from customers and business project
team who generate requirements fit for the business and application needs. PD&E,
as the input receiver, designs the product according to the requirements. Such tra-
ditional approaches could lead to missing potential opportunities for circular collab-
orations if the project initiator lacks knowledge or a sense of circularity. Instead of
putting unrealistic expectation to downstream value chain partners, it is more prag-
matic to take proactive thinking and action from PD&E, who would be supported
by product development process with relevant tools, to make circular proposals and
enable circular co-creation with value chain partners.

However, it is worth mentioning again that the value chain collaboration is the
key to ensure that the circular economy is achievable [18]. A systematic process
for developing circular products could help facilitate value chain partners building
the circular product together in a good way, and the well-designed circular product
needs to work with the circular business model under the aligned goal along the
value chain to maximize the benefit for all partners and the whole society.

4.5 Recommendations for future research
The top-down determination to implement circularity in product development at
SKF was obviously to see from company vision and mission, organization strate-
gies and individual awareness. However, circularity is not achievable with mindset
only, a systematic approach is essential to put ideas into actions in order to make
progress towards circularity. Therefore, following the step C and D of backcasting
methodology, a roadmap should be derived from the organization strategies to key
initiatives with prioritized action plans. See example of PD&E circularity roadmap
proposal in Figure 4.2.

Furthermore, as mentioned in Section 4.3.3, PD&E should realize how product de-
sign is in relation to circular business model and trade-off management and work
together with the owner of these two key factors to enhance the readiness of imple-
menting circularity in product development.
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Figure 4.2: Example of PD&E circularity roadmap
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5
Conclusion

The thesis project developed and demonstrated a practical methodology to imple-
ment circularity in product development at a bearing manufacturing company. By
adapting existing methods and tools from previous research with the company’s con-
text, an updated PDP framework with circularity integrated and a Circular Product
Assessment Tool (CPAT) were developed to guide the engineering teams to apply
circularity in their product development work.

Although the full integration of circularity across all PDP stages was not completed
and the CPAT needs further refinement to cover a broader scope of circular design
principles and product categories, the methodology was validated by real product
cases and shown to be effective to support decision making particularly at early
stage.

The modular structure of the methodology makes it adaptable for other manufac-
turing contexts to build their own approaches towards circularity by tailoring it with
their organizational goals, product characteristics, and circularity strategies. This
positions the methodology as a transferable solution for other companies dedicated
to circular product development.

As implicated from the key factors of implementing circularity in product devel-
opment, future efforts should focus on the engagement of value chain partners to
achieve a comprehensive and thorough implementation. In addition, expanding the
CPAT to be used in PDP later phases to verify and validate product performance
from circularity perspective will enhance the robustness of the tool. The involve-
ment from academia could support the further development of the tool that better
measure the performance and manage trade-offs.

Circular product development is an imperative but challenging topic, with high
complexity and enormous obstacles along the value chain. However, it is encouraging
to see that many companies are already committed and working toward the goal.
The organizational behaviors are shifting from creating a vision to taking actions,
which will make the journey even more promising. With the firm determination of
organizations, it is critical to start action taking in working practices. As the saying
goes, a journey of a thousand miles begins with a single step.
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Figure A.1: Interview questions
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Figure B.1: The working sheet of Self-Assessment Workshop
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