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Abstract

Advances in industrial digitalization present many opportunities for process and product data exploitation in manufacturing,
unlocking new systemic measures of performance beyond a single machine, process, facility area and even beyond the factory
gates. However, existing data models and manufacturing systems’ performance measures are still focused on productivity, quality
and delivery time, which could potentially lead to an accelerated linear economy. To shift to more circular industrial systems, we
need to identify and assess circularity opportunities in ways that align the goals of sustainable and industrial development. In this
study, micro-level circular indicators were reviewed, selected, analysed and tested in a manufacturing company to evaluate their
usability and usefulness to guide process improvements. The aim is to enable circular and eco-efficient solutions towards
sustainable production systems. Usability and usefulness of the indicators are essential to their integration into established
environmental and operations management systems. The main contribution of this study is in the identification of key features
making circularity indicators usable and useful from a manufacturer’s perspective. The conclusion also suggests directions for
further research on tools and methods to support circular manufacturing.
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(produce more, faster, better). In addition, existing data and data
models are not always suitable to support economic, social and
environmental sustainability [5]. Research to overcome data
quality issues [6] and other challenges is needed to increase the
digital maturity in manufacturing [7]. To shift to a more circular
economy (CE), we need to identify and assess circular
opportunities focusing on waste and end-of-life (EOL) products
to align the goals of sustainable and industrial development.
CE still lacks consensus in its definition due to diverging

1. Introduction

Technological advances associated with the on-going
digitalization trend present new opportunities to enhance the
performance of complex industrial systems by exploiting the
growing pool of process and product data [1]. Examples of
digital technologies used in manufacturing include big data,
Internet of Things, cloud computing, cyber-physical systems,
machine learning and digital twins [2,3]. Such connected

systems can unlock new levels of performance with more
holistic measures beyond a single machine, process, or facility
area, and even beyond the factory gates [4].

However, manufacturing systems’ performance measures
are still focused on productivity, quality and delivery time,
which could potentially lead to an accelerated linear economy

2212-8271 © 2022 The Authors. Published by Elsevier B.V.

perspectives from the different researchers and practitioners. To
remedy this issue, a single comprehensive definition was
proposed: “an economic system that replaces end-of-life
concept with reducing, alternatively reusing, recycling and
recovering materials in production and consumption processes.
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It operates at micro, meso and macro levels, with the aim to
accomplish sustainable development” [8].

In contrast to previous industrial development which led to
natural resource depletion and other environmental issues, CE
promotes the shift away from the current linear flow model to a
circular model [9] and enhance the environmental, social and
economic sustainability of industrial systems. Numerous
circularity indicators have been developed and reviewed by
different researchers [10-13]. The indicators measure the
degree of circularity of a system quantitatively or qualitatively.
Kumar et al. [9] emphasised the importance of measuring CE
first at a micro-level, then at meso- and macro-levels. Micro-
level indicators can support actions to improve the circularity
of a product or a company and macro-level indicators can
support the implementation of CE at country or region level.

While many micro-level circularity indicators exist, they are
rarely used in the manufacturing industry. This paper presents
an industrial case study to evaluate the usefulness and usability
of circularity indicators from a manufacturer’s perspective to
promote their adoption as drivers of industrial development.

2. Methods

To evaluate the usability and usefulness of micro-level
circularity indicators in the manufacturing industry, various
methods were used to combine a literature study and empirical
data from a manufacturing company. The case study was
conducted in collaboration with a case company: European
original equipment manufacturer (OEM) that uses injection
moulding to produce food-grade plastic products.

2.1. Literature study

Circularity indicators were collected from the literature
using the following keywords search in Scopus: ((circular* W72
indicator) AND (manufact®* OR production)). In addition, four
review papers were used to identify additional papers using
snowballing [10-13]. Most of the micro-level circularity
indicators collected were developed in recent years; few papers
were published before 2015. The development of micro-level
circularity indicators has accelerated since the material
circularity indicator (MCI) was published [14].

The indicators collected were categorised based on their
characteristics. This initial categorisation resulted in 40 micro-
level indicators selected for further analysis to evaluate the
usability and usefulness of each indicator. Table 1 shows the
usability and usefulness criteria based on [5] which were used
to evaluate the micro-level indicators. The usability criteria
focus on whether the indicators can be calculated (for
quantitative indicators) or qualified (for qualitative indicators).
The usefulness criteria are largely similar but focus on whether
the indicators fulfil a company’s needs. For example, some
indicators are easy to calculate but may not capture specific
aspects a company wants to improve or only points to
improvements beyond their area of control; such indicators
would have high usability but low usefulness.

Besides the criteria listed in the table, other aspects of
usability included the data requirements and assessment
methodology for each indicator. Other aspects of usefulness
included the level of implementation (unit of analysis), possible
applications, and the circular strategies addressed.

Table 1. List of usability and usefulness criteria used to assess the micro-level
indicators based on [5] (superscript annotation: ' usability; > usefulness).

Criterion Description

Measurz«.bilityl’2 Can be measured or quantified

Ease of use! Without high costs and time-consuming procedures

Ease of
understandingl’2

No or little prior knowledge required to calculate and
use the indicator

Data a.vailability1 Data required readily available or prepared easily

2 In accordance with the company’s mission

Strategic relevance
Validity?
Reliability”

Transpa.rencyl’2

Correctly represents the system being assessed
Gives accurate and consistent values
Possibility of third-party verification
Generalisability2 Interpretation independent of industry and product
Simplicityl’2 Low dimensionality, few indicators or single index
Compa.tibilityl’2 Standardised, compatible with other methods

Information
sharing 1.2

Evolvability

Non-sensitive information to enable open exchange
with stakeholders

Possible to update and meet evolving requirements

2.2. Case study

To complement the literature study with empirical data, an
online survey, workshop and waste management scenarios were
used to select and test five micro-level circularity indicators at
the case company. The online survey included open-ended
questions regarding the case company’s approach to
sustainability as well as multi-choice questions about desirable
features of indicators. The survey helped identify the circular
strategies of interest to the case company, thus used as a basis
for selecting the indicators to be tested. The indicators were
further filtered based on data availability and relevance to the
manufacturing process being assessed, resulting in a final
selection of five indicators tested by applying them to a
production line with five waste management scenarios.

A workshop was conducted with the representatives of the
case company to evaluate what features of an indicator make it
usable and useful (Table 1). The five indicators were presented
with their description, application, data requirements, and
calculated scores. The workshop participants were invited to
express their opinion about each indicator. The empirical
results reported in this paper focus on the usability and
usefulness criteria highlighted as important by the company.

3. Results

This section presents the usability and usefulness evaluation
of the micro-level indicators reviewed (section 3.1) and tested
(section 3.2) in this study. We describe the characteristics of
the indicators collected from literature review along with the
insights collected from the case company. Finally, we present
a case study applying five indicators to the company’s
manufacturing system.

3.1. Evaluating micro-level circularity indicators

A total of 40 micro-level circularity indicators were selected
from the literature study [14-53]. The main applications of
these indicators can be divided into four implementation levels
(Table 2): material, product, process and firm. Most of the
indicators aim to support users in taking actions, such as
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identifying areas of improvement, strategy formulation,
alternative choice, feasibility analysis, etc. The indicators also
serve as tools for tracking progress, benchmarking, and
communication. As the definition of circularity can vary, the
interpretation of the circularity performance represented by
these indicators should consider the assumptions and context
of the original document (see references provided).

Table 2. Implementation levels and applications of circularity indicators.

Level Application
Material e Estimate value-based recycling rate of material [15]
o Assess the circularity of material [16]
o Estimate the longevity of material in the product system [17]
o Assess the quality properties of material [18]
Product e Compare different life cycle scenarios or alternatives [19-24]
o Compare treatment options of EOL product [25-29]
o Assess product circularity and resource efficiency [14,30-34]
o Circular product development and optimization [35-39]
e Benchmark and communication [40]
Process e Identify improvement opportunities in manufacturing and
remanufacturing processes [41-43]
o Assess disassembly performance (cost, time, etc.) [44-46]
Firm o Identify business opportunities, formulate strategies [47-50]
o Assess the sustainability and circularity of a firm [51,52]
o Improve the waste management in a firm [53]

The 9R framework for CE covers potential strategies for
narrowing, slowing or closing material loops [8]: rethink,
reduce, reuse, repair, refurbish, remanufacture, repurpose,
recycle, and recover. The 9R circular strategies provide guiding
principles to develop policies and practices to improve the
circularity of products or companies. The strategies should be
prioritised considering a hierarchical order; i.e., pollution
prevention takes precedence over pollution control. The
selected indicators usually cover multiple circular strategies,
mostly focusing on recycling (38 indicators), reuse (31
indicators), and remanufacture (28 indicators). Interestingly,
few indicators are able to cover rethink [14;20;21;39;48] and
reduce [20;21;38;41;50;51;53], showing that more research is
needed on these high-priority strategies, such as servitization
and sharing products or improving manufacturing efficiency.

The measurability of the indicators was categorised as
quantitative and qualitative indicators, accounting for 93% and
7% of the selected indicators respectively. Although
quantitative indicators are dominant, qualitative indicators
(e.g., excellent/poor, high/low, avoidable/unavoidable, etc.)
can also provide practical information to guide the
implementation of circular strategies. For example, three
qualitative indicators aim to find circular pathways [47], assess
the quality of materials, components and products [18], and
assess the degree of material leakage in a product life cycle [49]
with qualitative data obtained through questionnaires.

Most of the selected indicators had predefined equations to
provide quantitative results. To prepare the input data or
parameters required for these equations, various methods or
tools are needed as listed in Table 3. Analytic Hierarchy
Process (AHP) and Delphi method serve as the methods for
deciding weighting factors of different sub-indicators. Life
cycle assessment (LCA) is mainly adopted by the indicators
which take the whole life cycle of a product or an activity into
account. While LCA is a valuable method for estimating
environmental impacts, some barriers hinder its application in
manufacturing companies, such as time-consuming and costly
procedure, lack of inventory data, and prior knowledge

required [54]. Life cycle cost analysis (LCCA) estimates the
potential economic benefits of adopting new strategies. Some
indicators require product or process modelling to acquire
information related to different scenarios or design alternatives
[40,45]. Multi-criteria decision analysis (MCDA) aims to
evaluate new strategies from multiple points of view, e.g.,
economic, environmental, societal, business, and technical
aspects. Some indicators require more than one method, such
as the eco-efficiency index combining LCCA and LCA [21].

Table 3. Method or tool used to apply the selected circularity indicators.

Method or tool Description

AHP Structured method for decision making, based on
mathematics and psychology [37]

Delphi method Qualitative method of forecasting by collecting

opinions from experts [50]
LCA Method to assess the potential environmental impacts
of a product/service throughout its life cycle [19-24,26]
Method for evaluating all relevant costs over time of a
project or a product [21]
Process for building and operating a model to predict
the effect of changes to a system [40,45]
Framework for supporting decision-making with
multiple and conflicting objectives [27]
Data gather tool consisting of questions [46,47,49,52]

LCCA
Modelling and
simulation

MCDA

Questionnaire

The selected indicators were analysed in accordance with
the three dimensions of sustainability; i.e., economy,
environment, and society. Almost all indicators addressed
environmental aspects while only six indicators cover all three
dimensions simultaneously with the social dimension the least
well covered; e.g. including social aspects such as employment,
safety and training [25,27,42,51-53]. The absence of well-
developed social impact assessment frameworks is one of the
reasons for the shortage of social sustainability indicators [12].

The data required for using the selected indicators was
divided into six categories (Table 4). Design-related and
environmental data is necessary for most of the selected
indicators. For instance, the characteristics of the materials or
components in a product from primary or secondary sources
are the basis of circularity assessment in MCI. The details of a
product design, such as the type of connection between two
components, are essential for assessing the possibility of
disassembly and remanufacturing.

Table 4. Required data for using the selected circularity indicators.

Data category — Examples of information %jll(liliggfgrgf
Product — Design information, specifications, bill of 29
materials, knowledge of product life cycle, etc.

Business operations — Business model, production data, 9

supplier information, etc.

Social — Employment, working environment, training, 6

social impacts caused by company, etc.

Financial — Revenue, material costs, logistics costs, 20
packaging costs, etc.

Post-use product — EOL strategies, scenarios, recovery 25

rates, collection/disassembly/recycling processes, etc.
Inventory database and environmental data — Life cycle 28
inventory data, environmental impacts, material flows,

resource consumption, waste generation, etc.

According to the experts at the case company, EOL data and
life cycle inventory databases have not been well-developed in
their company. Due to their current business model and the
constraints from multiple stakeholders in the supply chain, and
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especially from their clients, they manufacture products under
several fixed requirements. The data related to product use
were not available or they would require a lot of efforts to
acquire since they relate to activities beyond their control.
Although the EOL stage is a key for closing the loop in CE, the
associated data is often unavailable or uncertain. For instance,
assumptions regarding collection and recycling rate or
substitution ratio have to be made while assessing the
environmental benefits derived from substituting virgin with
recycled materials. Conversely, the data related to business
operations, employment, and financial performance of a
company is relatively easy to collect and manage.

3.2. Applying micro-level circularity indicators

A production line of food-grade plastic products was chosen
to test the indicators. The recycling solutions for food-grade
plastics must comply with stringent regulatory constraints
regarding purity and contamination. In the company case, the
client’s requirements imposed the use of virgin material only.
The product is composed of two parts made from a single
material: polypropylene (PP). The manufacturing process starts
with the virgin PP being fed into the injection moulding
machine followed by transporting the moulded products for
quality inspection with a conveyor belt. The OK parts are then
sent to final assembly followed by packaging and transport to
the clients. The defect rate is 1.2% with not OK (NOK) parts
crushed and sold to waste management contractors.

Five waste management scenarios were created to test
micro-level indicators and evaluate the overall circularity of the
manufacturing system (or the product) with open-loop and
closed-loop recycling of different waste streams (Fig. 1):

Baseline scenario: virgin feedstock, NOK parts offsite
recycling, EOL product disposal

Offsite recycling and open-loop EOL recycling: virgin
feedstock, NOK parts offsite recycling, EOL product
recycling

Onsite recycling: virgin feedstock, NOK parts onsite
recycling, EOL product disposal

Onsite recycling and open-loop EOL recycling: virgin
feedstock, NOK parts onsite recycling, EOL product
recycling

Onsite recycling and closed-loop EOL recycling: 95%
recycled feedstock, NOK parts onsite recycling, EOL
product recycling

Fu-Siang Syu et al. / Procedia CIRP 105 (2022) 835-840

Most of the data required to perform the calculations were
provided by the case company. The data related to the product
EOL was not available, thus assumptions were made for the
calculations. The five scenarios created covered a broad range
of waste management strategies to fill this gap in the data. The
five indicators selected for the case study were: Material
Reutilization Score (MRS) [31], Circular Economic Value
(CEV) [50], Product-Level Circularity Metric (PLCM) [32],
Quantitative Indicators and Value Assessment (QIVA) [41],
and MCI [14]. It is important to note that none of these
indicators include an environmental impact assessment; they
only measure the degree of circularity of the system analysed
with higher values indicating higher degree of circularity.

Material Reutilization Score (MRS). This indicator was
developed to assess the material reutilization score of a product
and to eliminate the concept of waste [31]. It is the ratio of
secondary material content and recyclable or biodegradable
content in a product. Calculations at the case company showed
that there is a small difference between onsite and offsite
production waste recycling scenarios due to the low defect rate
of the production line. But when considering the closed-loop
EOL recycling, the MRS value drastically increases since
recycled material input are used to make the product. This trend
in the results was observed for the other four indicators tested
as well. However, due to the client’s requirements, MRS was
not able to identify opportunities which can be applied in the
case company’s manufacturing line as only virgin material is
currently allowed.

Circular Economic Value (CEV). This indicator focuses
on material and energy usage to help companies in identifying
which circular strategy or group of strategies to implement.
According to Fogarassy et al. [50], if CEV is 60% or higher,
repair, reuse, reduce and refuse could be adopted. If CEV is
40% to 50%, remanufacturing and refurbish strategies are
recommended. Finally, if CEV is 30% or less, then repurpose,
recyle and recover strategies are suggested. Results from the
case study show that the choice of EOL treatment of used
products significantly affects the CEV: the scores for open-
loop EOL recycling scenarios are almost twice higher than the
EOL product disposal scenarios (respectively 63% and 38%).
CEV was perceived as both usable and useful by the case
company because the data needed for the calculations are easy
to acquire and CEV aligns with one of the goals of the
company, which is to implement circular strategies in their
processes.

Product-Level Circularity Metric (PLCM). This
indicator is defined as the ratio of recirculated economic value

Consumables

Raw materials
production

Transport

| Factory
|
|

Injection
machine

Conveyor transport &
inspection system

1

—> EOL product disposal

—> EOL product recycling

----- » Onsite recycling

product

»»»» » Offsite recycling Transport

-->» Closed-loop recycling

Offsite recycling (waste W
management contractor)J

Fig. 1. Process and material flows with waste management alternatives for the different scenarios.
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to total product value [32]. Thus, it is a value between 0 and 1.
The price of polymers varies quickly and widely [55], thus this
indicator should be recalculated with the current price for an
accurate and up-to-date evaluation. The material cost for
recycled PP was assumed to be the same as virgin PP (i.e.,
economically competitive recycling solutions). In the first two
scenarios, all materials consumed were virgin materials, thus
the product circularity was zero. In the next two scenarios,
onsite recycling only slightly increases the content of
recirculated materials (1.2% defect rate) as input into the
manufacturing process. If the packaging material is 100%
recycled, the score can further increase to 0.920 based on the
last scenario (onsite + closed-loop EOL).

Quantitative Indicators and Value Assessment (QIVA).
This set of indicators aims to identify areas of interventions in
manufacturing processes [41]. It requires the production data;
e.g., material flows going into the process and their
characteristics, and relevant costs related to environmental
management activities in a factory. Due to the lack of all data
needed for QIVA, only the Mass Recovery Index (MRI)
could be calculated. It is the ratio between the product output
mass and the total material mass entered in a process. The MRI
is the same in the baseline and offsite recycling scenarios due
to the low production waste output. Due to the onsite recycling,
the other three scenarios are able to achieve 100% of MRI.

Material Circularity Indicator (MCI). This circularity
indicator has gained popularity in the last five years thanks for
the Ellen MacArthur Foundation (EMF) and seem to be the
most commonly used to date. The MCI calculation method is
described in the EMF report [14]. MCI measures the extent to
which the linear flow has been minimized and the circular flow
maximized. This is done with a Linear Flow Index (LFI) and
utility factor which was assumed to be 0.9 in all scenarios. MCI
covers more aspects than the other four indicators tested; e.g.,
lifespan, recycling rate, and use intensity. Accordingly, it
requires more data to deliver results and could be more difficult
to use. From the results, recommendations for the production
line included ecodesign measures (e.g., new design of a
reusable product), development of acceptable recycled raw
material, treatment process of NOK parts, etc.

Table 5 shows the calculation results for all tested indicators
and scenarios. The scores obtained are pointing to different
aspects of circularity. For all indicators, production waste
recycling (onsite and offsite) only marginally improved the
scores due to the low defect rate in the production line.

Table 5. Circularity indicators tested in the case study.

Recycling scenario MRS CEV PLCM MRI MCI
Baseline 66.6  37.6% 0 98.8%  0.199
Offsite + open-loop EOL 66.6  62.6% 0 98.8%  0.533
Onsite 67.1  379% 0.012 100%  0.204
Onsite + open-loop EOL 67.1 62.9% 0.012  100%  0.538
Onsite + closed-loop EOL 983  84.6% 0920 100%  0.966

Amongst the five indicators tested, PLCM and QIVA (MRI)
were the only ones able to account for secondary materials
consumed which are not part of the product (consumables).
These two methods focus on different types of circular flows.
PLCM measures circular inputs into the manufacturing
process, thus production waste and product EOL management
do not affect the score unless they are closed-loop recycling

pathways. Conversely, MRI focuses on the value output and
measures the amount of material consumed that is converted
into a product. Only the CEV and MCI indicators were able to
capture differences between all scenarios.

The workshop with the case company provided insights on
what usefulness and usability criteria they would prioritise:
measurability, data availability, strategic relevance, reliability,
validity, compatibility and evolvability. The case company
stated that the indicator needs to provide a circularity score
(measurability) and the data needed for the calculation must be
available or easy to obtain (data availability). The indicator
must correctly represent their processes (validity) and with
accurate and consistent results (reliability) to point to practical
improvements and help implement CE in their operations. The
compatibility and evolvability are also important to ensure that
the company can integrate these indicators with existing and
future performance management systems.

Finally, according to the results of the workshop, the case
company was more interested in MCI and CEV than the other
indicators. Due to the constraints imposed by their current
business model, they were least interested in the MRS and
PLCM as these indicators target aspects they cannot change,
such as the material selection. However, the usefulness and
usability of these indicators depend on the goals and business
model of the case company (strategic relevance). Since the case
company is an OEM whose clients take responsibility of the
products, it is less likely to use indicators focusing on EOL
strategies and would prioritise indicators pointing to
manufacturing processes improvements.

4. Conclusion

This study reviewed 40 micro-level circularity indicators
and tested five of them at a manufacturing company with five
waste management scenarios. In the case study presented,
environmental impacts were not assessed but should be
considered in future work since increased circularity does not
systematically result in increased environmental sustainability.
Possible trade-offs or rebound effects must be accounted for to
ensure that improved performance in one phase of the product
or material life cycle is not offset by unintended negative
consequences elsewhere in other life cycle phases. Instead, this
study focused on the usability and usefulness of various
indicators from a manufacturer’s perspective.

The availability of primary data—especially bill of
materials and product EOL information—and accurate
secondary data—inventory database and environmental data—
is the most critical usability criteria to deliver valid, reliable and
actionable results about the circularity of a product or a
company as key usefulness criteria. Furthermore, indicators’
usefulness and usability are dynamic and can change according
to the company’s goals and business model. In addition, some
indicators need to be updated regularly to ensure reliability and
timeless in the information, for example material costs and
advances in recycling technologies changing what is
technically and economically feasible at a given time.

Manufacturing companies are increasingly aware of and
interested in CE, thus seeking to integrate relevant indicators
for performance assessment and operations management. This
paper identified the type of information and desirable features
making circularity indicators more usable and useful for a
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manufacturer. These findings can be generalised beyond the
five indicators tested and can provide valuable insights to
develop methods guiding the implementation of circularity
indicators in manufacturing. The ability to capture variations in
the manufacturing process and configurations of circular flows
both upstream and downstream should be the basis to select and
further develop micro-level indicators suitable for the specific
needs and operating conditions of manufacturing companies.
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