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Abstract: Contemporary societies, whether they have reached advanced levels of economic and
social development or are still developing, need to prioritise the implementation of circular economy
practices. This will facilitate the shift towards regenerative, sustainable, and closed-loop industrial
systems. For now, there are some efforts to encourage patterns of production and consumption
through changes in economic trends, development of institutional frameworks, harmonising regula-
tions in the field of environmental protection, and raising the level of social awareness to achieve,
above all, greater efficiency of resources. Extensive literature that deals with monitoring the imple-
mentation of the circular economy already indicates the existence of numerous barriers in this process
but also notices some incentives for raising the degree of circularity of the observed systems. In
this paper, the question of whether a single value can represent the level of circularity of the chosen
material/product chain is researched. An overview of barriers and drivers for implementing circular
economy strategies is given to structure a proper metric framework in correlation to the research
question. The objective was to simplify the monitoring of circularity by developing a unique index
for comparing material/product chains in similar systems. This was accomplished by using the
circular material use (CMU) rate introduced in the European Union and modifying it for financial
data calculation. As a result, the circular economy index, which covers all 9R strategies (CEIR), is
obtained. The practical verification of model applicability was shown by determining the degree of
circularity achieved for passenger cars in the four observed EU countries.

Keywords: barriers; 9R framework; circular material use rate; circular economy index; passenger cars

1. Introduction

One of the first scientific warnings about the environmental and climate consequences
of the current growth model, which is not sustainable, was the Club of Rome’s Report,
The Limits of Growth (in 1972) [1]. The current prognosis says that by 2050, the global
population will reach 9 billion people, 55% of which will live in cities with at least 50,000 in-
habitants [2,3]. The pressure on natural resources will be multiplied while new services and
infrastructure will be needed [2,3]. The economic concept that emphasises a more rational
use of resources and is a logical response to the “linear” model’s approach, with its “take,
make, waste” focus, is the circular economy concept, a sustainable approach to resource
management and waste reduction.

To obtain a common understanding of what it means to be “circular” in an economy,
revisiting the essence of a circular economy (hereafter ‘CE’) is important, as this concept is
trending and thus tends to diffuse in interpretations.

Going back to 2002, in the publication “Cradle to Cradle: Remaking the Way We Make
Things”, authors Braungart and McDonough [4] advanced the notion that “eco-efficiency”
is good, but that “eco-effectiveness” is better, or through the eyes of the author of “Waste to
Wealth”, and “The Circular Economy Handbook”, Peter Lacy, to drive economic develop-
ment and to think it is important, “doing more good”, instead of “doing less harm” [4,5].
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This logical approach was incorporated by the Ellen MacArthur Foundation (hereafter
‘EMF’) in 2013, within biological and technological cycles of “the butterfly diagram”, which
aims to keep products, components, and materials at their highest utilisation level and
value at all times [6,7]. In the technical cycle, products are reused, repaired, remanufac-
tured, and recycled; in the biological cycle, biodegradable materials are transformed by
composting and anaerobic digestion [7]. After the butterfly diagram, the EMF developed
its CE principles: “eliminate waste and pollution; circulate products and materials (at their
highest value); regenerate nature” [8]. Today’s framework still correlates with these core
principles, popularised within CE studies by the EMF.

Developing a modern framework for enforcing CE requires a multidisciplinary ap-
proach that incorporates the current economic, ecological, and social pillars of sustainable
development. To effectively implement this concept, it is necessary to examine various
factors that impact it and determine their extent and influence.

The paper aims to (1) identify the key factors that can help accelerate the establishment
of circularity in the observed environment through coordinated and joint action, emphasise
the significance of creating systematic indicator sets, and give propositions to measure them
in a new approach; (2) analyse 9R circularity strategies in detail; (3) study and upgrade the
circular material use (CMU) rate introduced in the European Union and, based on material
data calculation, obtain a modified formula based on financial data; and (4) perform
analysis of the proposed new equation using publicly available statistical data.

Literature Review

As the CE is an umbrella concept [9,10], different actors have distinct interpretations
of what it could or should depict [10] according to the criteria based on observed system
characteristics [11,12]. A deep understanding of the obstacles related to leaving the lin-
ear economy model and creative thinking about overcoming them gives a chance for a
successful application of CE principles. To achieve this, it is necessary to evaluate the
existing circularity metrics available for measuring circularity at the product, service, or
enterprise level. Any gaps or weaknesses in each option should be identified and addressed
accordingly [13].

The basic assumption within the CE concept consists of designing ways of removing
waste and pollution from the economic system, avoiding poor use of materials through
implementing closed material loops by recycling and remanufacturing, slowing loops by
increasing the in-use lifetime of goods and products, and narrowing loops by using natural
resources and goods more efficiently within the existing systems [9,14].

A meta-analysis of CE definitions, based on a detailed literature review, incorporating
221 definitions given by Kirchherr et al. [15], indicates that the foundation of CE is built
on the least possible extraction of virgin materials, energy efficiency towards a low-carbon
economy, economic prosperity, and social equity for current and future generations [12,15].
However, it is acknowledged that a final definition may never be agreed upon due to
the constantly changing technology, environmental conditions, and socio-political and
economic contexts [15].

The analysis also showed consensus on the core principles of CE, as the “reuse” and
“recycle” of materials stand out within 70–80 percent of analysed articles [15].

The 3R Initiative, which first tried to promote the global reduction, reuse, and recycling
of materials to build a “sound-material-cycle society” through the effective use of resources
and materials, is almost two decades old [16]. By 2017, this concept was transformed into
a 9R framework, which was already identified as contributing to circularity [17,18]. This
framework [18,19] is designed from strategies that look at the concept of CE in a narrower
or broader sense (only the technical aspect or related technical, business, economic, and
social aspects). The R framework’s characteristic is the hierarchy between the involved
R strategies (following the sequence R0 to R9, the priority of observed strategies is less
desirable). But even today, if the circular economy studies go beyond recycling, which
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is still closely related to the linear economy [18], more desirable options in the waste
management hierarchy are rarely part of those studies [20].

Perhaps the reason for the rare attempts to consider circularity based on higher levels
of the waste management hierarchy is the very complexity of the tasks.

2. Materials and Methods

Despite increasing interest in and support for CE, global production systems remain
linear [21]. This perpetuation of linearity is partly due to barriers (bottlenecks) obstructing
CE transitions. According to the EMF, several factors indicate that the linear model is
increasingly challenged by the context within which it operates, and that is necessary
for a more profound change in the operating economy system [8]. Several obstacles
need to be addressed to create a more sustainable economy. These include the current
wasteful value-creation model, which results in economic and structural losses. The linear
system also increases companies’ exposure to price and supply risks. Additionally, the
degradation of natural systems, regulatory trends, and technological advances impact
sustainability efforts. However, alternative business models are becoming more accepted,
and urbanisation can provide benefits such as simpler logistics and greater appeal and
scale for service providers [8].

Even with the loosening of the shackles of the linear economy, many influential factors
related to existing producer–consumer relations may slow down the transition to CE. There
are limited established regulations and conformity procedures for CE activities.

Since the concept’s spread, the researchers have faced challenges in identifying and
addressing factors that can improve the chances of success related to implementing CE
principles. Modification of supply chains and business models of small–medium enter-
prises, involvement of the local community or region, and legislation changes are some of
the elements that can directly or indirectly impact the transition to CE. Not less important is
the understanding of consumer behaviour by examining consumer perceptions of “waste”
and consumer preferences for product durability. For instance, comparing the value of a
product that lasts five years to one that lasts ten years can provide insights into this subject.
It is also essential to explore how consumers prioritise sustainability and how it affects
their willingness to pay for a product. On the other side of the production–consumption
line, there is limited attention to material transformation processes and production phases,
use, and end-of-life phases in product design. The concerns around achieving end-of-waste
status and managing costs at the company level may also pose obstacles [22]. “The circular
economy is a multi-level resource use system that stipulates the complete closure of all
resource loops”, as stated within the study of CE definitions by Figge et al. [23], so every
obstacle needs to be observed within wider contacts.

The literature presents different understandings of barriers according to their influence
on accepting circular economic principles.

Kirchhnerr et al. (2018) found that among categories of cultural, market, regulatory,
and technological, cultural barriers, such as lack of consumer interest and faltering company
culture, are significant obstacles to the transition to a CE, while technological barriers have
minor importance [24]. The study also noted possible chain reaction mechanisms that can
lead to failure in developing an environment that supports CE (suppose the companies have
to practice a CE approach in the low-cost raw material market, which can lead to consumer
disinterest in CE products and reluctance by the same companies to adopt circular business
models further) [24].

On the other hand, “the transactions that may be market mediated in which no transfer
of ownership takes place” or, in other words [25], access-based consumption (hereafter
ABS) can also influence the implementation of the CE [25]. Sopjani et al. tried to unlock
these influences in different contexts, including CE, but also incorporated sharing economy,
collaborative consumption, and product–service systems [26]. Arekrans et al. analysed
the barriers by looking at them as hierarchical relations between consumers, businesses,
and governments, where consumers require businesses and governments to create an
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environment that facilitates ABC, focusing on increasing understanding and enhancing
user experience. At the same time, businesses need governments to provide a background
to support ABC, including reducing risks and increasing incentives [27].

When considering potential factors that could encourage or prevent the implementa-
tion of CE, it is essential to be guided by the characteristics of the area where the principles
of the CE are implemented.

Analysing sector-specific relationships among stakeholders can help overcome cir-
cularity implementation barriers, and the next step could be determining the protocols
proposed to fit and standardise the data for further analysis of the existing system.

According to the 2018 Circularity Gap Report, the world’s circularity was 9.1% due to
increased material extraction and the rise of materials in stocks [28]. It has since fallen to
7.2%, measured for 2023 [29]. The CE transition needs additional support [21].

In the concept of CE, it is essential to increase the useful lifetime of materials by
reducing, reusing, recycling, and recovering them, approaches already widely accepted
as the foundations of CE [11]. The goal is to keep materials and resources active in the
economy for as long as possible and minimise waste [11,21].

Collaboration at an international level is vital to achieve a successful transition towards
a CE [11]. Circular trade has the potential to promote a global CE, but regulatory and
technical challenges hinder its progress. To advance in circular trade, it is also important
to establish transparency and traceability in supply chains [30]. Transparency refers to a
clear view of the supply chain, while traceability focuses on specific batch or product-level
data [31]. These critical elements are necessary to avoid illegal trade practices; at the same
time, establishing these approaches can facilitate border checks, and transaction costs can
be reduced for importers and exporters involved in circular trade flows [30].

To comprehend the factors that hinder or promote the adoption of CE, it is also vital
to develop effective policies. The process of change can be lengthy and is often met with
resistance from many economic agents [11].

In general, tackling barriers to the CE is obtainable by overcoming capacity and re-
source limitations, securing political support, measuring circularity, and thinking circularly
in a linear system (the circular transition needs to overcome the linear production ap-
proach) [32]. Scientific and professional papers dealing with the reasons for the limited
application of CE are usually based on limited sample sizes, monitoring from sector to
sector or business model to business model [33].

The primary challenge is that the metrics are not yet satisfactorily developed to follow
the CE transformation process. One of the first issues is whether the results on the level
of circularity achieved in material resource management can be simplified into a single
numerical value. The goal should be to enable a more direct comparison of the realised
level of circularity of systems of the same rank.

One single number should represent the circularity of material resource management
within the observed system.

2.1. Structure of the Indicator Framework

A CE indicator is a variable (parameter) or a function of variables to provide infor-
mation about circularity (technological cycles) or its effects (cause-and-effect modelling).
Additionally, an indicator may result from the composite information on quantitative and
qualitative data [34].

UNECE/OECD Guidelines for Measuring Circular Economy (CE), a draft document
currently (2023) under discussion, gives a harmonised indicator framework based on the
main principles of policy relevance, analytical soundness, and measurability; it pinpoints
23 core indicators and additional complementary and contextual indicators that are coherent
with SDG indicators and Bellagio principles [17].

The new European Commission monitoring framework (2023) aims to provide a com-
prehensive overview by measuring the direct and indirect benefits of increasing circularity
and includes 11 indicators grouped into five dimensions: I—production and consumption;
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II—waste management; III—secondary raw materials; IV—competitiveness and innova-
tion; V—global sustainability and resilience [33]. These indicators are based on existing
official statistics from Eurostat [33]. The classification of the proposed indicators contains
sub-indicators. For example, the waste management indicator incorporates the following
elements [33]:

• Overall recycling rates: recycling rates for (a) municipal waste (%) and (b) all waste
excluding major mineral waste (%);

• Recycling rates for specific waste streams: recycling rates for (a) packaging, (b) plas-
tic packaging waste (%), and (c) electrical and electronic equipment waste that is
separately collected (%).

Furthermore, the secondary raw materials indicator includes the following [33]:

• Contribution of recycled materials to demand for raw materials: (a) circular material
use rate (%) and (b) end-of-life recycling input rates (%);

• Trade in recyclable raw materials: (a) imports from outside the EU, (b) exports outside
the EU, and intra-EU trade (all three in tonnes).

Eurostat has taken a constructive step towards promoting reporting on the CE. The
organisation regularly updates its CE monitoring framework on the website [34].

2.2. Measuring Circularity

Measuring circularity through the development of circular metrics can be a powerful
way to bring visibility to different elements of observed systems.

Several circularity reporting tools and metric frameworks have been developed to date.
Companies across diverse sectors have begun using the ‘Circular Transition Indicators’
(CTIs) of the World Business Council for Sustainable Development (WBCSD) and the
‘Circulytics’ of the Ellen MacArthur Foundation (EMF) to benchmark their performance on
circular material flows, circular revenue, water and energy circularity, and product recovery
to drive internal decision making and continuous improvement, as well as ‘CIRCelligence’
by Boston Consulting Group (BCG), which helps companies become circular businesses
and drive more value from fewer raw material inputs [35].

After examining the present circular metric scenarios, some critical insights can be
identified:

• Operationalising circular strategies involves various actors and activities across the
value chain (from suppliers and manufacturers to service providers and reverse logis-
tics partners). In order to identify areas for improvement, it is necessary to measure
and attribute the collective and individual impacts at both the product and company
levels [36].

• Various factors directly influence circularity. These factors should be considered when
measuring circular metrics. Some are servisation (i.e., provision of a service rather
than ownership); digitalisation; and product design for modularity, repairability,
disassembly, and reuse [36]. However, determining the appropriate boundaries for
measurement can take time due to the involvement of multiple actors and factors in
the value chain.

To fully capture the multidimensional nature of circularity, metric frameworks must
standardise terminology and definitions, set quantifiable baselines for relative comparisons,
and find practical solutions to improve data availability and quality. Maturing frameworks
will require collaboration among companies and developers to develop key indicators
and standardise definitions. In order to simplify processes, frameworks should enable
measurement at the product group or category level.

The building blocks of the concept for monitoring the principles that need to be applied
are as follows: (i) overall coverage of a CE’s main dimensions and features; (ii) identifying
main aspects for which indicators are needed; (iii) a structure and indicators that could be
used at different levels (multilevel monitoring) [17].
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A draft version of the joint UNECE/OECD Guidelines for Measuring Circular Econ-
omy (2023) combines a CE framework with accounting principles and the pressure–state–
response model for assessment and environmental reporting [17]. Components that revolve
around the material lifecycle are economic production–consumption relations, environmen-
tal interactions, policy actions, and the derived socio-economic opportunities, (Figure 1).
Within this framework, the block ‘Material lifecycle and value chain’ includes the materials
used from production to final consumption through the R9 concept [17].
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Related indicators show how materials enter the economy, flow within it, and (eventu-
ally) leave it. These indicators can be structured on the material basis and productivity of
the economy, the efficiency of managing materials and waste, the circularity of material
flows, including R strategies (where applicable), and the impact of trade and globalisation
on the CE [17].

3. Results

The concept of a sustainable CE introduces a fresh economic model that prioritises
“multidimensional progress” rather than solely focusing on GDP growth. This model seeks
to improve the environment, enhance human well-being, and promote economic prosperity
for present and future generations.

With this complex subject, it is evident that robust policies created by public authorities
are imperative to a CE transition but that companies mostly take the circular change in
pursuit of better data and rigid public policy [37]. Solid policies will only help properly
guide further transition with reliable data flows.

Using circular metric frameworks is a powerful way to identify opportunities for
improvement at the product or company level [38]. These frameworks provide visibility
into the most significant impacts and where they occur in the value chain. Nevertheless,
as even the most complex project usually depends on the success of the smallest (“the
devil is in the details”—the details can sometimes cause problems), the standardisation of
definitions for different fields of application of circular principles is of great importance.
In a perfectly circular economy, all resource loops would be entirely closed, but due to
system imperfections, some use of new resources is unavoidable [23]. It is important to
add that all definitions important for the practical implementation of CE principles; for
example, descriptions of secondary materials and secondary raw materials, as well as by-
products and end-of-waste criteria, must be unambiguous and must not require additional
interpretations to avoid unnecessary losses of raw materials in different processes resulting
from misinterpretation.

A set of rules or criteria called a standard for circularity should be used to measure how
circular the system is (such as a product, process, organisation, or region) [39]. Many CE
indicators have already been developed [40], covering various aspects of circularity, such as
material flows, waste generation, recycling rates, resource efficiency, environmental impacts,
economic benefits, and social outcomes. A circularity indicator, either a quantitative or
qualitative measure, is used to reflect a system’s circularity performance.
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Already established metrics based on material flow should be kept in place. Addition-
ally, circularity should be assessed through indirect metrics. It is interesting to calibrate
indirect metrics of CE in areas where direct methods based on material flow are impossible.

The easiest part is to monitor the material flow, but even this part needs to be com-
pletely covered and secured in terms of accurate results. A problem is metrics that assess
the CE accomplishment in areas without material flow. The authors of this work propose a
metric system based on direct data already made available by statistics offices based on
financial flow.

CE calculations are usually based on material volume [41]. They are maturely devel-
oped and cover material recycling very well. The European Commission introduced a
framework in 2018 [33,41] to track progress towards achieving a CE, including an indicator
that focuses on monitoring the progress made regarding secondary raw materials—the
circular material use (CMU) rate. The CMU rate, Equation (1), is defined as the ratio of “the
circular use of materials (U) to an indicator of the overall material use (M)” [41,42]:

CMU =
U
M

(1)

It helps track the percentage of material that has been recovered and reintroduced into
the economy, therefore reducing the need to extract virgin materials.

Equation (1) has been further developed to utilise more available data from Eurostat.
Thus, M has been translated using the domestic material consumption (DMC) and circular
use of materials (U), Equation (2), to ensure the CMU rate does not exceed 1 (or 100%) [41]:

M = DMC + U (2)

U has further been defined as recovery–recycling (RCV_R), with the subtraction of
the amount of imported waste bound for recovery (IMPW) and the addition of the amount
of exported waste bound for recovery (EXPW). The final equation, Equation (3), is as
follows [41]:

CMU =
U

DMC + U
=

RCV_R − IMPW + EXPW
DMC + (RCV_R − IMPW + EXPW)

(3)

The European Environment Agency is already calculating the circular material use
rate, and an analysis is available [42]. The rate of CMU is slightly increasing in the EU.

In order to also assess the circularity for non-material flows, it is proposed to transform
Equation (1). After the transformation, the equation should produce the same results as
those already adopted by the EU for material flows and based on available statistical data.
The reason for the transformation is to be able to make the calculations based on financial
data available for most CE approaches. Based on that, it is possible to produce a joint value
of utilised CE approaches.

Equation (1) shall be transformed using new unknown–unrecyclable materials (NU),
like in Equation (4):

NU = M − U (4)

By including this in Equation (1), Equation (5) is obtained:

CMU =
M − NU

M
= 1 − NU

M
= 1 − DMC

DMC + U
= 1 − DMC

DMC + (RCV_R − IMPW + EXPW)
(5)

Equation (5) still produces the same results as Equation (3) and is based on the same
material flow data.

In order to be able to transform Equation (5) into an equation that can be based on
financial data, additional modifications and agreements must be made. The direct use of
Equation (5) with financial data is problematic if materials have different market prices,
which would change the CMU value. Thus, only the value of DMC should be used, and
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the U should be calculated as the share of DMC and multiplied by the value of DMC. If all
the needed statistical data are available, then it will produce the same results. In order to
obtain comparable data between more CE indicators, the majority material value should be
exact, and this will produce the most accurate results when using the proposed formula.
To determine the financial value of U, the following equation is proposed:

VU =
U

DMC
·VDMC (6)

where the following definitions hold:
VU—the financial value of recycled materials based on the domestic material con-

sumption price VDMC and mass share of recycled materials compared to fresh domestic
materials;

VDMC—the financial value of domestic material consumption.
When this is put into Equation (5), the equation based on financial data becomes

CMU = 1 − VDMC
VDMC + VU

= 1 − VDMC

VDMC + U
DMC ·VDMC

= 1 − 1
1 + U

DMC
(7)

Equation (7) combines the financial value of material flow with material flow itself,
and Equation (7) produces the same results as Equation (1) or Equation (3), which are based
on material flows only. This equation allows utilising the financial values if the material
flow is not known. The only limitation is the same or at least comparable price of fresh and
recycled materials per mass.

This approach to switching from material flows to financial data allows calculating CE
ratings and evaluating CE approaches that can only be assessed financially.

Circularity affects the economy directly and indirectly and can be assessed using
indirect indicators when data are unavailable [18,43]. Having in mind the 9R CE strategies,
it can be concluded that most of Rs cannot be measured through material flow. Thus, a
different approach is needed.

Most, if not all Rs can be assessed financially, either directly or indirectly. The smarter
product use and manufacturing strategies (R0 to R2) could be easily monitored. R0 has
already been put in place not only by taxation but also by a ban in the EU, for example, on
vacuum cleaners above a certain electrical motor power level. In general, circular taxation
must be rethought to address transition challenges since levels of taxation alone are often
insufficient to change behaviour. Rather than a product-by-product approach, circular
taxation requires rethinking critical building blocks of current taxation systems [44].

The strategies (R3–R7) related to the extended lifespan of the product and its parts are
reuse, repair, refurbish, remanufacture, and repurpose. The strategies sometimes overlap
in real life, but the only thing important is not to include the same strategy more than once
in an index calculation.

The strategies R8 and R9—beneficial use of materials—are monitored quite well by
official statistics for waste treatment. To accurately track the flow of materials, improved
statistics should be made to reflect the amount of waste sent to recycling or recovery and
the material flow resulting from these processes. This is not the case today, and those flows
need to be monitored in terms of mass or finance. All of the R strategies are shown in
Table 1 with more detailed descriptions.

When combining more indicators, like in the case of 9R, they should be put on the
same denominator and can be added together. This approach is only possible with the
money value as a unit. All other units do not cover all principles of CE. Even with keeping
track of the financial flow, some CE solutions will have to be financially assessed indirectly.
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Table 1. Monitoring options for the circularity of a product and its parts using the 9R framework.

Strategy Description

R0
Refuse Can be assessed by monitoring through the tax policy for redundant products.

R1
Rethink

It can be assessed by monitoring a specific number of items sold per capita and the volume of
services provided.

R2
Reduce It can be estimated by tracking individual consumption through all production sectors.

R3
Reuse

This is already monitored by volume in mass, but it could also be monitored in terms of new items
sold per capita and GDP. Some reuse bypasses the waste management system and thus is not
recorded by weight in a waste management system. This is especially true in low-income societies.
Thus, it is indirectly seen in the reduced purchase of new items.

R4
Repair

It should be measured through the number of repair services and the financial flow of those services.
Additionally, the sale of spare parts must be monitored in low-income countries, keeping in mind
that people sometimes repair for themselves outside an official system that is included in state
statistics. Repair is also indirectly visible through extended utilisation of products—the average age
of products in use.

R5
Refurbish

This strategy is quite similar to R4 and can be monitored similarly. Refurbishment or its quality could
be monitored through new specific consumption of refurbished items. Not all sectors can be
monitored to differentiate between repair and refurbishment, but CE strategies consider both. If
metrics include both, there is no need to differentiate between R4 and R5.

R6
Remanufacture

This should be monitored through separate statistics that would have to be reported to the state
statistics office. Maybe the state should change the VAT to a reduced level for remanufactured
products, making them more desired and easily monitored. However, remanufacture should mean
that most of the product in the material sense (mass) should consist of old parts or products.

R7
Repurpose

This strategy can be monitored the same way as proposed for R6, except the amount of all parts or
products included in a new product should be set at lower levels.

R8
Recycle Material recycling is monitored, and statistical data are available.

R9
Recover

Energy recovery of nonrecyclable materials with high calorific value is covered by statistical data on
refuse-derived fuels.

Equation (8) is based on 9R. The CEIR is designed to be between 0% and 100%. Al-
though, in some years, due to large production and commercial or social instabilities, it can
be over 100%, it does not stay at this level for longer periods. If some Rs are not applicable
for the specific product calculation, they are put in the equation as 0.

CEIR[%] =
∑10

i=0 Ri [€]
Product turnover [€]

× 100 (8)

In order to include all Rs in Equation (8), it is crucial to follow the instructions on
calculating the amount of money intended for each R in the past year. Only direct expendi-
tures for the product can be included to avoid multiple circularity effects in the production
value chain. Also, expenditures utilised for one R cannot be used for another R.

The Rs should be calculated as follows:
R0—Turnover with a radically different product for the same function with the addi-

tion of last year’s turnover product that was abandoned.
R1—Turnover with products designed for sharing or multi-functional use.
R2—Money saved on increased efficiency and saved natural products and materials.

Also, the money is spent on secondary raw materials instead of natural materials.
R3—The “new value” of reused products.
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R4—The turnover of the repair (service and spare parts). It should include authorised
and unauthorised services and parts.

R5—Money saved by restoration compared to a “new product”.
R6—The volume of sales/purchase of remanufactured parts.
R7—The volume of sales/purchase of repurposed parts.
R8—The volume of sales/purchase of recycled materials.
R9—The value of recovered energy.
The “product” in Equation (8) is either a material product or service.
The proposed approach, implemented only for nine R strategies, can be broadened to

complete the system.
Some areas of circularity, like the flow of materials, waste production and recycling

rates, resource efficiency, environmental effects, economic advantages, and social outcomes,
lack data and information and thus have to be monitored indirectly or assessed. Collecting
and reporting data can be challenging, time-consuming, and expensive, particularly for
small and medium-sized enterprises (SMEs) [45]; thus, a model needs to be simple, efficient,
and rigid.

There is a trade-off between the simplicity and accuracy of the circularity indicators.
More clear indicators may be easier to communicate and understand but may not capture
circularity’s full complexity and diversity. More accurate indicators may require more
data and assumptions, but they may be more challenging to communicate and under-
stand. Ultimately, policymakers will decide on the necessary complexity of data for official
measurements of CE.

Measuring circularity is currently not standardised across society or industries due to
differing definitions, scopes, methods, and data sources used for circularity indicators, so it
is challenging to maintain consistency, comparability, and transparency of measurement
data [46]. In order to ensure that CE is adequately understood and its performance can
be accurately measured, the development of new standards is imperative. These stan-
dards will harmonise the knowledge surrounding CE, making it easier for stakeholders to
succeed in this field. However, organisations must also acknowledge diverse reasons for
participating in the CE besides setting standards. This entails providing eco-friendly and
economical options, enhancing relationships with stakeholders, optimising compliance
with regulations, addressing the risks of limited resources, and advancing environmental,
social, and economic sustainability while meeting human requirements.

There is a risk of unintended consequences or rebound effects of circularity. When
measuring circularity, it is essential to consider the system lifecycle and its interactions
with other systems. For instance, increasing the recycling rate of a material may lower its
environmental impact. However, it could also raise its demand and price, resulting in more
primary resource extraction.

4. Discussion

To apply the proposed Equation (8), it was decided to use the data on passenger cars in
selected EU countries. Unfortunately, not all data for all states were available. The decision
was still to perform calculations for one large EU country, one of the wealthiest countries of
the EU, one middle-income EU country, and one below-average-income EU country. The
EU countries that have been selected for further calculation are Germany, Ireland, Slovenia,
and Croatia.

Most of the Rs are applicable to passenger cars. R6 (Remanufacture) and R7 (Repur-
pose) were not considered since both are not applicable to passenger cars on the EU market
due to strict traffic rules for their use on public roads.

R0 (Refuse) is considered based on the reduced travel distance of passenger cars [47].
The years 2015 and 2020 were compared. The reduced mileage was converted to money
resources using data on official mileage reimbursement in selected countries [48].

R1 (Rethink) is based on the turnover of car-sharing, taxis, ride-hailing, and car rentals
in selected countries [49].
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R2 (Reduce) is based on three aspects: the reduced number of new cars sold [47]
multiplied by the average price of a new passenger car in the selected country [49], the
number of new zero-emission passenger cars sold [47] multiplied by the average price of
a new passenger car in the selected country [49], and reduced emissions of CO2 by the
complete passenger car fleet [47] multiplied by the EU carbon permit price [50].

R3 (Reuse) is estimated using the number of passenger cars over 10 years old [47]
and multiplied by the average price of a new passenger car in the selected country [49].
Passenger cars more than 10 years old are in most cases second-hand cars. If not, they can
be considered as extended ownership and utilisation, which is also the CE approach.

R4 (Repair) is estimated using the turnover of passenger car service companies and
spare parts sold. In low-income countries, service, especially on older cars, is not performed
by service companies and thus is not included in unofficial statistics and can be only
assessed through sales of spare parts.

R5 (Refurbish) is estimated based on passenger cars over 20 years old. Cars of such
age generally need refurbishment to be safe for utilisation and in line with the legislative
demands of the selected countries in the EU. The value of refurbishment is calculated by
multiplying the number of passenger cars [1] by the average price of a new passenger car
in the selected country [49].

R8 (Recycle) is assessed based on the hypothetical value of scrap metal sold for
recycling. The value is calculated based on the mass of end-of-life vehicles [47], the share
of scrap metal in cars [51], and the current market value of scrap metal in the EU [52].

R9 (Recovery) is assessed based on the hypothetical value of heat energy sold that
is produced by waste-to-energy conversion of combustible parts of cars. The value is
calculated based on the mass of end-of-life vehicles [47] and the share of combustible
materials in cars [51], and the produced heat value is estimated as 80% of the current
natural gas market price [53].

The denominator for the calculation is the value of the passenger car fleet of the
selected country calculated by multiplying the number of passenger cars of the selected
country [47] by the average value of a new passenger car in the selected country [49].

The calculated values of R9 are presented in Table 2.

Table 2. Results of calculated Rs in EUR million for circular economy index (CEIR) for passenger cars
in selected EU countries.

R No. Measure Measure
Description Germany Ireland Croatia Slovenia Remark

R0 Refuse
Reduction in
distance travelled by
cars

12,893.91 4673.20 440.48 1405.89 Based on the difference between the
years 2015 and 2020

R1 Rethink
Use of all possible
car transportation
services

5616.10 529.80 74.38 77.65 Turnover of car-sharing, taxis,
ride-hailing and car rentals

R2 Reduce Reduced number of
new cars sold 8874.40 1123.11 −459.39 156.76 Based on the difference between the

years 2015 and 2020

R2 Reduce New zero-emission
passenger cars 7293.55 124.27 13.42 43.30

Value of new zero-emission
passenger cars based on the average
price of new cars in the selected
country
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Table 2. Cont.

R No. Measure Measure
Description Germany Ireland Croatia Slovenia Remark

R2 Reduce
CO2 emission of the
vehicle fleet in a
selected country

93.98 10.03 −1.27 2.48

Hypothetical value of the saved
amount of money based on the
difference between 2015 and 2020
fleet CO2 emissions and the EU
carbon permit price

R3 Reuse Volume of cars over
10 years old 684,582.94 20,485.93 28,098.93 15,554.31

Value of cars over 10 years old
calculated by the number of vehicles
over 10 years old and multiplied by
the average price of new cars in the
selected country

R4 Repair Repair services and
spare parts sold 74,170.80 6532.30 1183.10 1269.80 Turnover of car service companies

and sale of spare car parts

R5 Refurbish Use of cars over 20
years old 129,846.46 - 5933.05 2398.77

Cars over 20 years old already need
refurbishing to be safe and
street-legal today. Value of cars over
20 years old calculated by the number
of vehicles over 20 years old and
multiplied by the average price of
new cars in the selected country

R6 Remanufacture
Not applicable to
cars in the EU
market

0.00 0.00 0.00 0.00
Remanufacturing cars is not possible
due to strict EU legislation for cars to
be used on public roads

R7 Repurpose
Not applicable to
cars in the EU
market

0.00 0.00 0.00 0.00

The possibilities to repurpose cars or
car parts are relatively small in the
EU and cannot be assessed based on
statistics available

R8 Recycle Number of
end-of-life vehicles 93.07 26.19 4.33 1.48 Hypothetical value of scrap metal

sold for recycling

R9 Recovery
Energy recovery of
combustible car
parts

4.74 0.00 0.00 0.06
Hypothetical value of heat energy
sold generated with combustible car
parts in waste-to-energy plants

9R Total 923,469.96 33,504.84 35,287.02 20,910.50

Denominator 1,809,514.89 69,892.71 43,964.47 29,473.29

CEIR [%] 51.03 47.94 80.26 70.95

Figure 2 shows the results of the utilisation of Equation (8) based on statistical data
from several selected EU countries for passenger cars. The complete data were available
for three countries; for Ireland, data on passenger cars over 20 years old are missing, and
this element has not been added to the CEIR. Since the R5 for all other countries is around
10%, the total CEIR for Ireland would be also over 50% if data were available.
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The results show that the most influential approaches for passenger cars are reduction,
reuse, repair, and refurbishment. A comparison among the countries shows that they can
be further enhanced in countries with relatively lower percentages. Some approaches like
car-sharing are still developing in terms of volume but offer great opportunities.

Equation (8) for CEIR calculation is based on some assumptions that were needed
to establish the financial volume of a single CE approach for passenger cars. These as-
sumptions will be further improved, and that will make CEIR results different. But now it
already is possible to compare countries, making the richest countries in comparison the
worst performing.

5. Conclusions

Dwindling resources, inefficient use of energy and materials, and a growing consumer
population emphasise the necessity for implementing the circular principle, which would
pave the way to sustainable development and improve social well-being. In recent years, the
scientific and professional community has undertaken numerous analyses to understand
the introduction of circularity principles, monitor and measure the circularity progress of
the new approaches, and determine the conditions that encourage, slow down, or prevent
the establishment of sustainable producer–consumer relations.

The CE is a powerful concept that links resource use, waste, and emissions, integrating
environmental and economic policies. Numerous definitions of the CE and various drivers
and barriers observed on the way to the establishment of circularity speak in favour of the
complexity of the concept.

The research results indicate the following:

• The upgraded CMU rate formula on financial data produces the same results as the
original one based on material data. This formula was the basis for the proposed CEIR
equation covering all 9R strategies.

• The proposed model for monitoring the achieved degree of circularity based on the 9R
framework gives a unique output, which can be used to compare the accomplished
degree of circularity of systems of the same type. The practical verification of model ap-
plicability was shown by determining the degree of circularity achieved by passenger
vehicles in the four observed EU countries.

• The proposed model equation is robust and open to various approaches. It covers
products and services separately or combined, as shown in this paper.

• The model results are best discussed by comparing the results between different
products or services, always using the same methodology for every R.
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Proposals that can be given after this research are as follows:

• It is necessary to expand the existing database of statistical data in order to better
support 9R calculations based on the proposed model.

• Comparisons of calculation results should be the basis for incentives for further
promotion of circular economy by individuals, society, businesses, investors, and the
public sector.

• Better tracking of the obtained level of the circularity transition for products and
services on the company, municipality, or state level could lead to a faster move away
from a linear economic model.

• In general, a regulatory framework must be established to assist 9R strategies that aim
to move away from traditional linear business models and to provide the necessary
statistical data to measure this transition.
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