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Abstract: The circular economy (CE) can drive sustainability. For companies to select and implement
circularity strategies, they need to evaluate and compare the performance of these strategies both in
terms of progress towards CE but also based on their feasibility and business outcomes. However,
evaluation methods for circularity strategies at the product level are lacking. Therefore, this research
proposes a multi-criteria evaluation method of circularity strategies at the product level which can
be used by business decision-makers to evaluate and compare the initial business of the company,
transformative and future circularity strategies. This multi-criteria evaluation method aims to assist
business decision-makers to identify a preferred strategy by linking together a wide variety of criteria,
i.e., environmental, economic, social, legislative, technical, and business, as well as by proposing
relevant indicators that take into consideration, where possible, the life cycle perspective. It also
allows for flexibility so that criteria, sub-criteria, and weighing factors can be altered by the business
decision-makers to fit the needs of their specific case or product. Two illustrative examples based on
case companies are presented to verify and illustrate the proposed method.

Keywords: circularity strategies; multi-criteria assessment; multi-criteria decision analysis; end-of-life
strategies; circular economy; remanufacturing; resource efficiency; circularity indicators; sustainability;
refurbish; repair

1. Introduction

In the last decade, the circular economy (CE) concept has become an issue of heightened interest
for researchers, practitioners, policymakers, companies, and industries [1-3]. CE moves away from
the conventional linear approach which utilizes a “make-use-dispose” economic model to one that
is “regenerative by design” [4,5]. It aims to eradicate waste through careful design; reduce negative
impacts; rebuild environmental, economic, and social capital; and maintain the value of products,
components, and materials [6,7]. The value can be maintained through the implementation of various
circularity strategies [8].

Currently, some companies are taking steps to implement circularity strategies and, therefore,
more circular products and services are reaching the market [9,10]. However, widespread adoption
of circularity strategies still has not taken place [11] and companies are struggling to implement
and operationalize CE. This means that CE research is focusing on understanding the barriers and
challenges that companies face (e.g., [11,12]) as well as developing decision-making support in the
form of tools, metrics, and methods for companies to implement circularity strategies [13].
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Research focused on the evaluation of circularity strategies for products and services compared
to each other or to their business-as-usual counterparts or other products in the same product group
which are just starting to take off [14]. More generally, there is a lack of evaluation methods
of CE strategies of products and services at the micro level, i.e.,, product, company or single
consumer-level [9,15-17] and there are few studies that have conducted and presented evaluations of
such circularity strategies [9,18,19]. These kinds of evaluation methods can serve different purposes,
e.g., strategy selection or identification of hotspots.

One specific area where business decision-makers need indicators or methods to help them
evaluate circularity strategies is to select the best strategy when a product reaches the end-of-life
(EoL) stage. There is a lack of such evaluation methods of product-level circularity strategies, as
indicated by Sassanelli et al. [20] in a literature review on CE assessment methods and tools, and by
Saidani et al. [10], who created a taxonomy of CE indicators including more than 55 sets of indicators.
Elia et al. [9] supported this argument in the recent work on critical analysis of CE assessment and
indicators at micro level.

The objective of this article is, therefore, to address the following research question (RQ):

RQ: How to evaluate circularity strategies for a product and/or service using a decision
method to help a company select a suitable strategy at EoL stage?

Evaluating a circularity strategy cannot be done based on a single indicator or criterion, because
apart from the contributing to waste reduction and negative impact mitigation, a strategy also needs to
be feasible and financially viable and may require considerable investments [21,22] (see Section 2.2 for a
more in-depth discussion). Therefore, the main research question is further broken down into two
sub-questions:

1. What are the relevant criteria and sub-criteria/indicators to be used to evaluate
circularity strategies?

2. How to evaluate circularity strategies using a decision-making method that incorporates the
criteria and sub-criteria/indicators?

The overarching aim is to propose a decision-making method to evaluate circularity strategies
of products and added services. The method evaluates potential alternative circularity strategies
including (but not limited to) the initial or business-as-usual strategy of the company which could be
traditional product sales or includes some form of product-level circular strategy, e.g., remanufacturing
(reman), compared with various forms of more advanced or transformative strategies and future
circularity strategies. Transformative strategies could be advanced remanufacturing, multiple or mixed
reuse strategies and added service offerings (also known as product-service systems). The method aims
to help business decision-makers to select the best feasible circularity strategy. It can be implemented
at EoL phase by the company providing the initial product and third-party recovery/remanufacturing
companies. Apart from introducing the method, this work gives two examples of its application and
subsequent verification.

The organization of this article is as follows: Section 2 presents a literature review about CE,
circularity strategies, decision-making factors, and CE assessment methods. Section 3 exposes the
research methodology employed in this study to build the circularity strategies decision-making
method. The results of this paper, i.e., the multi-criteria evaluation method of product-level circularity
strategies, is presented in Section 4. Verification of the proposed method through cases is presented in
Section 5. Section 6 discusses and summarizes the main findings of the study and points out future
research opportunities.
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2. Literature Review

2.1. The Circular Economy and Product Circularity Strategies

The concept of circular economy has gained traction among scholars and practitioners, especially
in Europe and China [23,24]. CE is an economic system in which the consumption of resources and
emission of waste is minimized by keeping materials in the loop as long as possible [2,7]. Adopting CE
could have considerable benefits in reducing waste volume and raw material inputs while supporting
economic growth [4,25]. CE aims to retain the value of products, components, materials, and resources
in the economy through the application of various circularity strategies [8,26]. Circularity strategies
that extend product life and/or close resource loops include reuse, repair, refurbish, recondition,
remanufacture, repurpose, cannibalization, and recycle [8,27]. Different circularity strategies are
needed for different product characteristics, legislation, technology, and market dynamics [28].
The successful implementation of circularity strategies in businesses depends on combined leverage of
various building blocks of CE, amongst others, product and service design, business models, reverse
supply chain, product and service use patterns, EoL recovery, and supporting policies [29-32]. Reverse
logistics facilitate a number of circularity strategies such as reuse, refurbish, and remanufacturing
and, therefore, are one of the building blocks of CE, and an enabler for sustainable production and
consumption [33,34]. The implementation of CE principles and strategies can facilitate meeting some
of the United Nations” Sustainable Development Goals [10,35] by helping transform production and
consumption behavior [36,37]. Figure 1 depicts a list of circularity strategies, which include:

e reuse/resell involves re-using a product if it meets sufficient quality levels [38-40];

e  repair aims to recover a used product to “working order” by fixing/replacing specified faults using
service and spare parts [41];

e refurbish involves returning products to a specific quality level, usually less than that of a new
product [42];

e recondition involves returning the quality of a product to a satisfactory level (typically less than a
virgin standard or new product) giving the resultant product a warranty less than that of a newly
manufactured equivalent [41,43]. Reconditioned products have gone through more extensive
testing and repair than refurbished products [42];

e remanufacture is a circularity strategy whereby EoL products are restored to the original
equipment manufacturers’ standard, and receive a warranty at least equal to a newly manufactured
product [44-46];

e repurpose involves using post-used products for a different purpose and application compared to
the original product [32,47,48];

e cannibalization is an activity of recovering parts from returned products. Recovered parts are
used in repair, refurbishing, reconditioning, and remanufacturing of other products [49]; and

e recycle aims to collect and process discarded materials that are then used for the production of
new products [40,50].
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Figure 1. List of circularity strategies (adapted from [51]).

The circularity strategies terminology adopted in this article has been distinctly described in
this section because overlaps exist and there is a lack of consensus about the specifics of each EoL
strategy. EoL stage, in this work, refers to the point in time when the product reaches the end of its
useful life with reference to the first user of the product. In addition, various literatures use different
terminologies for the term “circularity strategies” such as circularity measures, circularity scenarios,
circularity options, circularity alternatives, EoL options, recovery strategies, and resource efficiency
strategies. In this paper, we use the term circularity strategies for better consistency throughout the
manuscript. Moreover, circular strategies for bio-based products and technical products generally differ.
The circularity strategies described above, and focused on here, are the ones that aim to close technical
cycles. Selecting a suitable circularity strategy should take several factors into consideration [52,53];
this is further discussed in the following sections.

2.2. Circularity Strategies” Evaluation Methods

The CE paradigm can be analyzed at three levels of intervention: micro (product, company or
single consumer level); meso (eco-industrial parks); and macro (cities, provinces, and regions) [54].
Although CE evaluation methods can be developed to meet the needs of various stakeholders, e.g.,
designers, industrial practitioners, policymakers, and consumers, the focus here, as discussed in the
introduction, is on their use in decision-making at the micro level for businesses with a focus on
evaluation of circularity strategies for EoL recovery.

Business decision-makers seeking to select circular strategies are not interested in simply measuring
and understanding improved environmental performance or progress against the triple bottom line
of sustainability, they need to understand the strategies’ financial viability [21,55] and also their
feasibility [22]. In fact, key practical challenges for businesses to implement circular economy strategies
are customer demand and supply limitations, a lack of capital, regulatory uncertainty, and low or volatile
material prices [12,56]. Technological challenges, such as material recovery techniques, are also listed
as important but not as crucial as the market and regulatory challenges previously mentioned [11,57].
Moreover, all these challenges are amplified if there are internal company barriers, e.g., company
culture and lack of awareness or trust or capabilities to implement CE (ibid.). Therefore, evaluation
methods that aim to comprehensively evaluate circular strategies and support decision-makers have to
both measure how well a product, service, or company performs with respect to the CE principles but
must also take into consideration other important challenges for the businesses.
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Although the evaluation of circularity strategies is crucial for selecting the most appropriate
one, it can also help identify hotspots and areas of improvement in order to overcome some of the
challenges with moving towards CE [58,59]. For example, Kambanou and Sakao [55] demonstrated
how Life Cycle Costing (LCC) can help compare business-as-usual to a circular scenario while also
showing where large material and energy costs occur in the product’s or service’s lifetime so that
decision-makers can focus on replacing these high costs with labor costs, e.g., maintenance activities in
the circular scenario.

In recent years, there is a growing pool of academic studies that evaluate circularity strategies at a
micro-level [9,49,60]. EoL evaluation methods can employ optimization, multi-criteria or empirical
methods. Optimization evaluation methods use optimization problems to select the suitable circularity
strategy from various alternatives. However, they are primarily focused on optimizing economic
benefit [61,62]. Due to the complexity of mathematical models and their requirement of many input
parameters, it is difficult for companies to use this method effectively and efficiently, while empirical
methods are based on the knowledge and experience gained from analyzing successful cases rather
than conventional rule-based methods [63]. Multi-criteria decision-making methods (MCDM) help
decision-making in complex and inter-related decision tasks [64,65], and is further presented in the
following section.

Table 1 presents a description of CE evaluation methods identified in this research. The Resource
Conservative Manufacturing Project [66] developed a web-based tool, Circular Pathfinder (CP),
to identify a suitable circularity strategy but focused on bio-cycles rather than techno cycles. However,
this tool lacks scientific validation. Similarly, Alamerew and Brissaud [49] developed a product
recovery decision-making tool to evaluate CE strategies on a strategic level. Lee, Lu and Song [67]
presented an End-of-life Index (EOLI) method to evaluate product performance in relation to circularity
strategies based on the calculation of total cost of each EoL process. The proposed index method assists
designers to adopt design for EoL approach.

Table 1. Description of CE (circular economy) evaluation methods.

Method Description

A web-based tool to identify a suitable strategy based on a survey of 10 product-related

Circular pathfinder (CP) qualitative questions [66].

An EoL process cost-based index to evaluate circularity strategies including

End-of-life index (EoLI) remanufacturing, recycling etc. [67].

A CE evaluation tool that evaluates circularity strategies (remanufacturing, recycling,
repair, and reuse) at strategic level. The strategies are assessed according to relevant
economic, environmental and social indicators [49].

Product recovery multi-criteria decision
tool (PR-MCDT)

A web-based tool to assess product/service throughout the entire life cycle. The proposed

CE toolkit tool could be used by companies, distributers/retailers and consumers [68].

A dashboard of new and established quantitative indicators is proposed for CE strategy

CE assessment dashboard . L
assessment in organizations [58].

A circularity performance indicator to measure the performance of products in the early

Circularity potential indicator (CPT) phases of a new or re-design product development [60].

A multi-criteria approach to assist decision-making for EoL management of electronic

Multi-criteria matrix products [69].

2.3. Multi-Criteria Evaluation Methods of Circularity Strategies

A multi-criteria decision-making method (MCDM) is a tool used to select the best compromising
strategy from a list of several potential alternatives by taking into consideration several criteria [70].
The method is usually used to solve complex problems by analyzing multiple criteria simultaneously
based on both quantitative and qualitative information [71]. In MCDM, (i) the criteria, (ii) the indexes
or sources of information used to measure the criteria, (iii) the weight and comparative value of the
criteria can be tailored to the case (ibid.). Additionally, MCDM takes into account the preference of the
user/decision-maker in the decision-making process [49]. In MCDM-based sustainability assessments,
the choice and importance or weight of each criterion should take into consideration the values and
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context-specific knowledge of the decision-makers and be the outcome of stakeholder- inclusive
discussions [22].

Because of MCDM'’s ability to provide structure to complex decisions, as well as the other
characteristics mentioned above, it has been used when assessing sustainability solutions, e.g., [22,72].
Circular strategies, as discussed in Section 2.1, are a type of sustainability solution, and selecting them
involves, as discussed in Section 2.2, various decision factors because there are multiple challenges and
barriers to overcome. Moreover, multiple strategies could be relevant to compare. Therefore, MCDM
can be a valuable method for evaluating circularity strategies.

With reference to Table 1, two methods for evaluating circularity strategies, the “multi-criteria
matrix” and “PR-MCDT” (product recovery multi-criteria decision tool), have employed MCDM.
The PR-MCDT helps to assess the feasibility of a recovery business or to test the performance of
recovery strategies in order to improve a business [49]. In addition, the multi-matrix method [69] uses
an MCDM to evaluate the EoL product and its components for recovery. This method uses evaluation
criteria such as the residual value, environmental burden, weight, quantity, and ease of disassembly
of each component. These two methods, however, have specific fields of application and therefore
present a fairly restrictive set of criteria and indexes which might not fully capture the whole spectrum
of relevant criteria for comprehensively evaluating circularity strategies. A more comprehensive
list of criteria would need to address, first, the source challenges, as defined by Kirchherr et al. [11],
as cultural, regulatory, market and technological as well as the potential benefits to the environment,
society, and the economy.

The research on challenges shows that there are similarities between challenges, but they are
also case-specific. Therefore, the MCDM should provide flexibility to decision-makers to choose the
relevant criteria, sub-criteria and indicators. Furthermore, when drawing on knowledge of using
MCDM for sustainability assessments, namely that setting criteria against each other or weighing
them can require normative judgments [73], it can be surmised that as many relevant stakeholders as
possible should be included in making the methodological choices of MCDM.

3. Materials and Methods

The point of departure for this research is a review of literature on the main themes related to the
research question and sub-questions, namely, circularity strategies for a product and/or service, and
evaluation methods of circularity strategies; identification and selection of decision-making criteria as
well as sub-criteria and indicators. More than fifty relevant publications related to the subject area
are reviewed. The research process for developing the evaluation method of circularity strategies
for products and/or services includes (i) initial evaluation method selection, (ii) selection of criteria,
sub-criteria and indicators, (iii) method development, and (iv) verification of the proposed method.

3.1. Initial Method Selection

A literature review was conducted to understand the state of the art on the evaluation of
circularity strategies. As discussed in Section 2.2, circularity strategies” evaluation methods often
employ optimization, multi-criteria, or empirical methods for decision-making. Based on the review
of literature concerning the challenges and complexity faced by companies implementing circularity
strategies (Section 2.2), the advantages and disadvantages of using each method for decision-making
are analyzed. In this paper, a MCDM approach is used to develop a circularity strategies’ evaluation
method. The reasons for choosing MCDM are: (i) that a wide range of criteria can be included, (ii) both
qualitative and quantitative data can be incorporated, and (iii) flexibility and tailoring to the case
requirements is allowed (see Section 2.3 for an in-depth review).

3.2. Selection of Decision Criteria, Sub-Criteria and Indicators

Based upon a comprehensive literature review of more than 50 relevant publications and feedback
from five experts in the subject domain, decision-making criteria, sub-criteria and indicators are
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identified. Firstly, an exhaustive list of criteria was made. Then the decision-making factors were sorted
into various categories (i.e., business, technical, economic, environmental, legislative and societal)
by the authors as seen in Table 2. Afterwards, the list was updated and verified based on expertise
feedback from the industry and academia. Detailed results of this research can be accessed from
Alamerew and Brissaud (2018) [49]. This list was revisited in preparation of this article and checked
against literature, e.g., challenges and barriers to circular strategy adoption, published in intervening
years, i.e., 2018-2020. In accordance with MCDM methodology, this list is recommended but not
required since decision-makers can choose the most relevant criteria, sub-criteria and indicators for
their case.

Table 2. List of decision criteria and sub-criteria [49].

Criteria Sub-Criteria/Indicator
Environmental Life Cycle Assessment (LCA), EoL impact indicator (EOLI), Human health (HH), Ecosystem quality (EQ), Resources (R),
Economic Life Cycle Costing (LCC), disassembly cost, net recoverable value, logistics cost, EoL treatment cost,
Social Job creation opportunity, exposure of employees to hazardous materials, level of customer satisfaction,
Legislative Effect of legislative pressure, compliance with new and existing legislation,

Technical state, availability of recovery facilities, separability of materials, advancement in technology, presence/removability of
hazardous content,
Business Market demand, competitive pressure, return core volume.

Technical

3.3. Method Development

Due to the complexity of circular systems, an integrated approach is required to incorporate all
the decision-making criteria and to take into consideration both quantitative and qualitative factors.
Based on the result of a comprehensive literature review, evaluation of circularity strategies can be
formulated as an MCDM problem. The multi-criteria evaluation method of circularity strategies
involves (i) description of the product under consideration, (ii) finding potential circularity strategies,
(iii) identifying evaluation criterion and decision-making factors, (iv) evaluation of circularity strategies,
and (v) analysis and ranking of circularity alternatives.

In this study, MCDM is used to build the proposed method. The proposed method is first
developed based on simple multi-attribute rating technique (SMART) [74-76]. SMART is a multi-criteria
decision-making method that can comprehensively account both qualitative and quantitative criteria.
Afterward, the authors reduce the complexity in order to develop a practical method that can be
effectively applied to real case studies. All authors contributed to the development of the method by
iteratively commenting on the method during the development period.

3.4. Verification of the Method

To verify the application of the proposed circularity strategies” evaluation method, two illustrative
examples are presented based on two case studies. Secondary data from two Swedish companies,
so-called Company A and Company B, is used to exemplify the application of the method. Company
A is involved in waste management whereas Company B is a storage furniture supplier. Descriptions
of the case companies are presented in Section 6.

4. Multi-Criteria Evaluation Method of Product-Level Circularity Strategies Description

In this section, the main contribution of the research is presented. An MCDM is proposed
to evaluate alternative circularity strategies for products in a specific company at the EoL stage.
The proposed MCDM consists of five main steps: (I) description of the product and/or service under
consideration, (II) identification of potential circularity strategies, (III) identification of evaluation
criteria, sub-criteria and indicators, (IV) evaluation of circularity strategies, and (V) analysis and
ranking of alternative circularity strategies. The focus of this method is on steps IIl and IV. The graphical
representation of the method is shown in Figure 2. In this section, each step of the evaluation method
is described in detail.
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Figure 2. Depiction of the main steps of the proposed method.

4.1. Product Characterization

This first step of the method aims to identify the main characteristics of the product and/or service
under consideration. This information will help to identify decision-making criteria and potential
circularity strategies that are relevant to the product at hand, in the next steps of the methodology [77].
A potential circularity strategy is a possible candidate for evaluation and comparison during the
decision-making process [78]. A description of the product is decisive for a company to be able to
efficiently choose potential circularity strategies for a typical product. Description of the product
covers relevant information regarding its characteristics, e.g., type of components and materials as
well as functional use by the consumer. The main output of this step is to identify characteristics that
influence the selection of circularity strategies.

4.2. Identification of Circularity Strategies

Based on the outputs of step 1, i.e., description of characteristics of the product, in this step,
potential circularity strategies are identified. First, the current business strategy of the company
(business-as-usual or traditional business strategy) is identified from a set of circularity strategies
defined in Section 2.1. Then potential transformative strategies are selected based on the characteristics
of the product outlined in Section 4.1 and a set of circularity strategies defined in Section 2.1.
The transformative strategy can be identified from the current business model of the company in
case if the company is implementing circular strategies. Transformative circularity strategies may
include strategies such as advanced remanufacturing, multiple/mixed reuse strategies and product
service offerings. Afterwards, a possible future strategy is identified that may have considerable
business potential for the company in the near future. The main output of this step is a list of potential
circularity strategies.

Depending on the specifics of the case, e.g., company size and complexity of the supply chain,
it can be relevant to include a variety of stakeholders in this step and, as well, as employ tools that
support innovation for a circular economy. Bocken et al. (2019) [79] have reviewed such available tools
and new ones are being developed, e.g., Bloosma et al. (2020) [59].

4.3. Identification of Decision Criteria, Sub-Criteria and Indicators

There are various factors that influence the choice of a circularity strategy of products at EoL
stage [12,14,61] (see Section 2.2). Based on a systematic literature review, Alamerew and Brissaud
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(2018) [49], developed a list of CE evaluation criteria as well as sub-criteria, and evaluation indicators
that are presented in Table 2.

The list consists of both quantitative and qualitative criteria. These criteria cover, as discussed in
Sections 2.2 and 2.3, the circular strategies’ potential contributions to CE, i.e., environmental, economic,
and social, as well as their feasibility, i.e., legislative, technical, and business. The latter three criteria
also coincide with three of the four major challenges faced by companies when implementing circular
strategies, which were identified more recently by Kirchherr et al. (2018) [11] as cultural, regulatory,
market, and technological. Therefore, the criteria in Table 2 are the recommended criteria for evaluating
circularity strategies.

Alamerew and Brissaud (2018) [49] also suggest sub-criteria and indicators that can be used
when setting values to the criteria (Table 2). Not all the sub-criteria need to be used, e.g., only Life
Cycle Assessment (LCA) could be used to evaluate the environmental criterion. Moreover, the list
is not exhaustive, as new indicators targeting the circular economy are constantly being introduced.
For example, Pauliuk (2018) [58] makes a strong case for using Material Flows Analysis (MFA) as an
indicator of circularity.

Concerning the three criteria for assessing contributions towards a circular economy,
i.e., environmental, economic, and social, there is a strong recommendation to use life cycle approaches
because circularity strategies that influence one life cycle stage can shift burdens to other life cycle
stages [77,80]. Therefore, Life Cycle Assessment (LCA) and LCC are recommended as the indicators for
evaluating environmental and economic criteria respectively and care should be made when making
methodological choices so that they can be used in parallel [81]. Since Social Life Cycle Assessment
(SLCA) is not robust and widely used [82], other types of qualitative indicators are recommended as
sub-criteria or indicators for the criterion “social”.

Concerning the three feasibility criteria, i.e., legislative, technical, and business, there is a
strong recommendation that decision-makers use qualitative indicators. For example, a scoring table
including three: 3—High; 2—Average; 1—Low; or five scales: 5—Very high; 4—High; 3—Average;
2—Low; 1—Very Low can be used. Additionally, more than one type of indicator can be used so that
multiple areas within a criterion are covered, e.g., volatility of the price of recovered materials and
expected demand.

It must be clarified that criteria, sub-criteria, and indicators can be changed depending on the
specifics of the case, such as the complexity of the supply chain, the decision-makers’ normative values,
the availability of data, and the type of the product under consideration. For example, some companies
might add a criterion about “company culture”. Learnings from the research on challenges companies
face when implementing circularity strategies, e.g., Kirchherr et al. (2018) [11], Mont et al. (2017) [56],
Rizos et al. (2016) [12] indicate that challenges are case-specific although there are some similarities.
Therefore, it is especially important that the sub-criteria and indicators for legislative, technical, and
business criteria are chosen carefully by decision-makers to suit the context.

Finally, as proposed by Lindfors et al. (2019), every effort should be made so that criteria,
sub-criteria, and indicators are comprehensive but do not overlap, and that relevant stakeholders are
included in the process of identifying them [22].

4.4. Evaluation of Circularity Strategies

After identifying the list of circularity strategies and evaluation criteria, sub-criteria, and indicators,
the next phase of the method is to evaluate each alternative circularity strategy against the decision
criteria. The main output of this step is an assessment value for each circularity strategy. The graphical
representation of the main steps of the proposed evaluation method is shown below in Figure 2.

A typical problem consists of a set of available circularity strategies A; (i=1,2, ..., n). Circularity
strategies are evaluated against a set of criteria Cj (j = 1,2, ..., m). Each criteria C; may be broken
down into Pj sub-criteria (decision factors) or indicators, Cjx (K =1,2, ..., Pj). The decision-maker is
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expected to evaluate circularity strategies with respect to each decision criteria denoted as Xj; (i=1,2,
.o,nj=12,...,m).
The general model applied for the proposed method is:

M(A) = ZW, Xi),j = 1,2,..m,i=12,... 0, 1)

where:

W; is the weighted value of j of m criteria
Xj() is the value of i of criterion j
M(aj) is total evaluation result for each strategy.

The weighting value (Wj) is assigned based on the relative importance of each criterion/sub-criterion
for the evaluation decision. It depends on the type of product, the type of industry, and the perception
of the decision-maker. In this step, the decision-maker assigns the value based on experience with the
business-as-usual product and strategy. Often, many decision-makers may be involved in assigning
weighting values and a discursive approach is recommended.

Then, the evaluation score for each of the circularity strategies against each sub-criteria/decision
factor and indicator both for the qualitative and quantitative factors is calculated. In this step,
a scale-based parameter value (5—Very high; 4—High; 3—Average; 2—Low; 1—Very low) can be
assigned for the qualitative decision factors such as business, technical, societal, and legislative. LCA
and LCC can, for example, be performed to evaluate the environmental and economic performance
for the quantitative indicators respectively. As discussed in Section 4.3, these criteria, sub-criteria
and indicators can be changed depending on the preferences of the decision-maker(s) as well as the
availability of data and related factors.

Afterward, relative weighting (normalization) is conducted to allow a comparable scale for all
circular strategies using Equations (2) and (3). Depending on the typical problem, Equation (2) is used
when the objective of the problem is to maximize the result and Equation (3) is used when the objective
is to minimize the result.

The normalization for maximization problem:

N = Xij/Xij max )
The normalization for minimization problem:
N = X min/X jj (©)
where:

Xjj is the assigned value of Ai for the sub-criteria Cjk
Xjj max; Xij min are the maximum and minimum assigned value A for the sub-criteria Cj respectively.

Finally, the overall score of each circularity strategy is computed based on Equation (4) and ranked
the result in descending order.

M(Ai) = ZW]' Xi(j)/j = 1,2,...m, i= 1,2, ..., N, (4)
where:

W; is the weighted value of j of m criteria
Xj() is the value of i of criterion j
M(aj) is total evaluation result for each strategy.
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4.5. Analysis of the Result and Recommendation

This step involves analyzing the overall score of each of the circularity strategies and providing
recommendations concerning the circularity strategies from the available list of alternatives. The main
elements and outcomes of the evaluation method for the user (decision-maker) are depicted in Figure 3.
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Figure 3. Graphical repreesentaion of main outcomes of the evaluation method.
5. Verification of the Multi-Criteria Evaluation Method of Product-Level Circularity Strategies

The proposed circularity strategies’ evaluation method is verified through two illustrative examples
with two case studies. Secondary data collected from two companies is used to verify the application
of the proposed method to evaluate alternative circularity strategies. More details about the case study
companies can be found from Kaddoura, Kambanou, Tillman, and Sakao (2019) [81]. In the following
sections, the application of the proposed method to each case company is presented.

5.1. Case Study for Company A

Company A offers vacuum waste collection system for residential areas, business premises, and
town centers worldwide. The collection system transports the waste through an underground pipeline
and into a sealed container. In addition to product planning and installation, the company provides
various services including maintenance. This study focuses on the inlet part of the waste collection
system due to frequent failure.

In this study, three business strategies are considered: Business-as-usual (when the inlet breaks,
the whole door is replaced); circular strategy 1 (when the inlet breaks, broken parts of the door are
replaced with new parts, and parts of the door that are not broken are reused); and circular strategy 2
(when the inlet breaks, parts of the door that are not broken are reused to make new doors). Table 3
shows a description of circularity strategies for Company A.

The multi-criteria evaluation method has six main criteria to evaluate potential circularity strategies:
Environmental, economic, social, legislative, technical, and business. The sub-criteria and indicators
under each criterion, which are used in this research are LCA, LCC, job creation opportunity, legislative
pressure, technical feasibility (for instance, ease of disassembly, technological compatibility, etc.) and
market demand respectively. Additionally, a weighting value of 0.15, 0.20, 0.10, 0.15, 0.20, 0.20 (based
on experience from previous study in [49] and [81]) is assigned respectively as shown in Table 4.
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Table 3. Description of circularity strategies for case study A.

List of Strategies Description

The vacuum waste systems are installed based on
contracts and remote control and regular

Business-as-usual (BAU) maintenance is conducted during the use phase.
When the inlet breaks, the whole door is replaced,
and the post-used product is mostly recycled.

Same as BAU but when the inlet breaks, broken parts
(Circular strategy 1) (Transformative of the door are repaired by service technicians
strategy) (Repair) (broken parts of the door are replaced with new parts

and parts of the door that are not broken are reused).

Same as circular strategy 1 but when the inlet breaks,
(Circular strategy 2) (Future strategy) parts of the door that are not broken are reused to
(Remanufacturing) make new doors in which the quality of the product
is equivalent to a newly manufactured product.

Table 4. Evaluation of circularity strategies for Company A.

Circularity Strategies Circular Circular
Busi -as-Usual
Criteria Sub-Criteria/Indicator Weight (W)) usiness-as-Lsua Strategy 1 Strategy 2
1545 1545 1525
LCA (GWP100—kg CO; eq.) 098 098 h
Environmental Normalization (N) (kg SO, eq.) 0.15 7.2 7 6.8
: 0.94 0.97 1
43 43 43
(kg POy eq.) 1 ; ;
Economic Normalization (N) LCC (Provider’s profit (SEK)) ! 0.20 22,350 21,100 21,600
1 0.94 0.97
. N . . 4 4 5
Social Normalization (N) Job creation opportunity (a) 0.10 08 08 1
- - - 5 3 1
Legislative Normalization (N) Effect of legislative pressure (a) 0.15 02 033 1
. L Technical feasibility e.g., 2 4 5
Technical Normalization (N) disassembly () 0.20 04 08 1
Business Normalization (N) Market demand (a) 0.20 036 i E13
. ) . . 3.97 4.85 5.97
Total (without Wi) Total (with Wi) 1.00 0.66 0.82 0.99

! The numbers for the indicator “provider’s profit” are confidential and therefore, these numbers have been
multiplied/divided by a random factor in order to ensure comparability. (a) Parameter value: 5—Very high; 4—High;
3—Average; 2—Low; 1—Very low.

Based on the result of the analysis, remanufacturing (circular strategy 2) of the waste collection
system got the highest score followed by circular strategy 1 and is the most suitable circularity strategy.
The results of the analysis are presented in Table 4.

To read Table 4, each row represents a criterion and its value for each of the three alternative
strategies under consideration (UP is the real value for quantitative sub-criteria and the value in a
scale of 1-5 for qualitative sub-criteria; DOWN is the same result normalized from 1 for the best score).
Each column represents one of the three alternative strategies studied, and in the last row, the final
score against all the criteria is given. Some comments can be drawn for the results. Firstly, the result
would have been similar (0.66, 0.82, 0.99 respectively) if the weighting value is assumed to be equal
for all criteria. Secondly, considering a higher weight value for economic criteria, if the analysis is
performed only against environmental and economic criteria, the preferred strategy would have been
the business-as-usual option. This has happened due to the company A’s pricing system and the
estimation of customers’ willingness to pay; even though, the bulk selling effect of the product shows
an increase in profit margin.

5.2. Case Study for Company B

Company B is a supplier of storage furniture. The company supplies furniture, recycling stations,
wardrobes, etc. These products are sold to the customers and there is no added value on the product
sold, such as services.
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In this study, two business strategies are considered: Business-as-usual (the product is sold to the
customer and the customer is responsible for disposal of the product at the EoL phase), and upgrade
(the product is upgraded by refreshing products” appearance). In the circular strategy, the company is
also in charge of administering and coordinating the upgrading process. Table 5 shows a description
of circularity strategies considered for Company B.

Table 5. Description of circularity strategies for Company B.

List of Strategies Description

The product is sold to the customer. The customer is responsible for

Business-as-usual disposal of the product when it reaches its EoL phase.

The product is upgraded by refreshing products” appearance and
Circular strategy (upgrading) therefore, its operational life for the customer is doubled. The company
is responsible for providing the intended service.

Case studies A and B use the same criteria and sub-criteria to evaluate circularity strategies. In this
case study, a weighting value of 0.15, 0.20, 0.10, 0.15, 0.20, 0.20 (based on experience from the previous
study by Alamerew and Brissaud [49] and [81]) is assigned respectively as shown in Table 6.

Table 6. Evaluation of circularity strategies for case study B.

Circularity Strategies

Business-as-Usual ~ Circular Strategy

Criteria Sub-Criteria Weight (Wj)

LCA (GWP100—kg CO; eq.) 230 125

0.53 1.00

Environmental Normalization (N) (kg SO, eq.) 0.15 (1)23 (1)38

0.40 0.20

(kg PO eq) 0.50 1.00

. - S . 2 550 600

Economic Normalization (N) LCC (Provider’s profit (SEK)) 0.20 0.90 1.00
Social Normalization (N) Job creation opportunity (a) 0.10 025 ;1
Legislative Normalization (N) Effect of legislative pressure (a) 0.15 026 5 :1)’
Technical Normalization (N) Technical feasibility e.g., disassembly (a) 0.20 02 4 ?
Business Normalization (N) Market demand (a) 0.20 0375 ‘;

Total (without W;) Total (with W;) 1.00 ?)Z?, ?88

2 The numbers for the indicator “provider’s profit” are confidential and therefore, these numbers have been
multiplied by a random factor in order to ensure comparability. (a) Parameter value: 5—Very high; 4—High;
3—Average; 2—Low; 1—Very low.

Based on the results of the analysis as presented in Table 6, upgrading the product is a suitable
strategy. The study shows that the circular offering, i.e., upgrading, is a preferred strategy over the
business-as-usual scenario. As opposed to the case study A, here, the weighting system does not
influence the results because the circular strategy performs better against all criteria.

6. Discussion and Conclusions

6.1. Discussion

One of the challenges that impede companies from transforming their business towards a CE
model is the lack of methods, tools, and indicators to be able to evaluate different circularity strategies.
In this article, a multi-criteria evaluation method of circularity strategies for products and/or services
has been developed and verified. This method can be implemented at EoL phase by the company
providing the initial product and third-party recovery/remanufacturing companies.
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One of the limitations of this MCDM method is a lack of linkages between the criteria. MCDM
is characterized by criteria independence without correlation [83]. Due to the complexity of CE, it is
imperative to understand the interaction (direct or indirect dependency) among decision factors in the
decision-making process.

There is also a risk with MCDM, that sub-criteria and indicators present overlaps so the effect of a
decision gets double-counted or that they do not comprehensively cover a criterion so some effects are
not taken into account when making a decision [22]. Moreover, MCDM uses qualitative indicators.
The assignment of verbal grading to these indicators and its conversion into a parameter value based
on a qualitative scale is subject to ambiguity. When assigning weighing values to criteria, it may be
difficult for the decision-maker to decide which of the criteria have more influence and to quantify this
influence for the circularity alternatives. To minimize but not eliminate these risks, it is recommended
that relevant stakeholders and decision-makers deliberate over and jointly discuss various choices,
e.g., indicator choice, grading, and weighting.

In order to transform the qualitative criteria into quantitative numbers, a rating scale is
used. In this study, a semantic scale, Likert, is recommended as it is commonly used in business
decision-making [84,85]. A scoring scale from 1 to 5 is used to quantify the qualitative factors.
Theoretically, the numerical scale/verbal grading cannot be restricted, and other scales can be used
following investigation.

The proposed method uses an integrated approach to evaluate the environmental and economic
benefits of circularity strategies together with social, legislative, business and technical aspects.
An illustrative example through the two case studies is presented which shows that the proposed
method is simple and effective in dealing with circularity strategy evaluation problems. The case
studies demonstrate the process of evaluating CE strategies at the EoL phase of the product. However,
the case examples lack in demonstrating the broader impact of each strategy due to the implementation
of circular practices across the product life cycle such as the continuous flow of products, components,
materials and information, as well as the application of service offering. This can be analyzed by
studying the environmental, economic and social benefit for the company and the resulting outcome
due to the implementation of circularity strategies.

The results from the cases demonstrate that the method can identify not only differences
between business-as-usual and circularity strategies, but also between different types of circularity
strategies. Compared to Alamerew and Brissaud (2018) [49], this method evaluates and compares
the initial business of the company, a transformative strategy that transforms a product through the
implementation of advanced circularity strategies and future circular strategies.

Some of the main benefits of the proposed method are:

e It guides the decision-makers through the whole process of identifying and evaluating various
potential circularity strategies against each other and business-as-usual.

e It helps companies identify potential circular offerings and strategies.

e Itsuggests a list of criteria and sub-criteria/indicators which are relevant for evaluating circular
strategies, but also allows for flexibility so that the decision-maker can modify these criteria and
provides insights on how to approach such modifications.

e Itcanbe used to evaluate and compare a large number of circular strategies.

e [tisaflexible method that can easily be scaled up or down to meet the needs of the decision-makers.

Finally, by using this method, more companies may be encouraged to implement circularity
strategies. This can reduce the environmental impacts associated with their products and/or services,
and thereby potentially contribute to relative resource decoupling [86]. Of course, there is always a risk
of rebound effects so it might not necessarily lead to absolute resource decoupling (ibid.). Therefore,
a limitation of this evaluation method is that it does not take into consideration rebound effects.

This evaluation method, however, can even help companies who are, as Matschewsky (2019) [87]
describes it, unintentionally contributing to relative resource decoupling to evaluate their contributions.
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These are companies that have pursued circular strategies as good business without having considered
their environmental and other benefits.

6.2. Conclusions and Future Research

Evaluation of circularity strategies is crucial to select appropriate strategies and move towards
a CE. Even though various methods and indicators have been developed by academics to measure
the progress towards CE, there is a lack of circularity strategies” evaluation methods at the product
level [13,21]. Therefore, in this article, a multi-criteria evaluation method of product-level circularity
strategies is developed. Its contribution lies in the multi-criteria approach that can address the
complexity of such an evaluation, and support decision-making by taking into account both how a
circularity strategy performs with respect to the CE principles and how feasible the strategy is. This is
done by providing a list of recommended criteria, sub-criteria and indicators while still allowing
companies to modify them based on their specific case. The application and usefulness of the proposed
evaluation method are demonstrated by applying it on two cases: a vacuum waste collection system
and office furniture.

Although this research has contributed to filling some of the research gaps presented in Section 1,
further investigations are required. One future research path is to use the proposed method for various
types of products, services, and industrial sectors together with practitioners. This helps to generalize
the application of the proposed method to various industrial sectors. Moreover, it could be interesting
to compare and analyze the results across various industrial sectors. This helps to learn from successful
experiences so that one industrial sector can learn from other sectors in an effort to transform to a CE.
In addition, more research could be conducted to test the proposed method on first-hand company data.

Another important research opportunity could be to extend the proposed evaluation method
to include pre-use/use phase of the product/service, e.g., production energy efficiency measures.
This method evaluates a post-use product/service at the EoL phase. Furthermore, the environmental,
economic and social benefit of the strategies for the company and the resulting outcome could be
studied due to the implementation of circularity strategies. Along this line, apart from zooming out to
include more types of circular strategies, further research could zoom in to identify sub-criteria and
indicators that target specific circular strategies or product groups, e.g., reuse. Moreover, the interaction
between criteria and sub-criteria and their influence on the overall result from a system perspective
should be studied in the future. One approach to address this gap would be to use Analytical Network
Process (ANP) to understand the inter-dependency among decision factors.
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