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regulatory approach. This paper provides a comprehensive understanding of the state of circular
economy implementation in mechanical engineering and suggests future directions for its
development, monitoring, and integration into policy and educational frameworks.
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1. INTRODUCTION

The impact of social, industrial, and technological development and the traditional
linear economic models, characterized by a “take-make-dispose™ approach, on the global
economy and ecosystem is becoming increasingly significant. Climate change, loss of
biodiversity, and ongoing resource extraction are causing higher volatility in the global
economy and raising concerns about the sustainability of the current way of life [1-4].
Within this context, mechanical engineering, a field pivotal in industrial and manufacturing
processes, and economics, the field crucial to determining the effectiveness of those
processes, confront the urgent need for adaptation toward sustainable practices. This
adaptation is necessary not only for environmental sustainability but also for overall long-
term economic viability and competitiveness [5].

It has become abundantly clear that linear economic system has inherent flaws and
limitations, and due to its heavy reliance on the continuous extraction and processing of
raw materials and disposal of end-of-life products, it is unsustainable [6]. In the field of
mechanical engineering, this unsustainability manifests through inefficient resource use,
high energy consumption, and the generation of substantial waste, particularly in the
manufacturing sector, while the wider economic consequences of its unsustainability at the
global level are the lack of resources, price volatility, uncertainty, and increasingly
economic crisis [7-9].

As an alternative economic model that relies on the new technologies of Industry 4.0,
the circular economy not only offers a solution to the current challenges but also offers
numerous operational and strategic benefits at both the macro and microeconomic levels
[8, 10-13]. Compared to the linear model, the circular economy prioritizes the efficient
utilization of resources, minimizing waste, and encouraging the regeneration of products
and materials [2,14]. This approach is particularly relevant in mechanical engineering,
where products are designed with longevity in mind, easy repair and remanufacturing, and
end-of-life options that prioritize recycling or reuse [4]. The transition towards a circular
economy constitutes a significant opportunity from both environmental and economic
perspectives, facilitating innovation and generating novel business models.

Effective implementation of the circular economy demands comprehensive monitoring
mechanisms at both macro and micro levels. These mechanisms are essential to track
progress, identify bottlenecks, and ensure that circular practices are seamlessly integrated
into all economic system elements, from mechanical engineering practices and processes
to overarching policies [2,15-17]. Monitoring encompasses various aspects, including
material flow analysis, assessment of resource efficiency, and evaluation of the
environmental and economic impacts of circular practices. Therefore, it is imperative to
establish comprehensive monitoring mechanisms to ensure the successful implementation
of circular economy practices.

Even though monitoring mechanisms are essential for the evaluation of circular
economy development, institutions also play a crucial role in transitioning towards and
monitoring a circular economy. Policymaking, providing incentives for sustainable
practices, setting industry standards, and fostering collaboration among stakeholders are
some of the ways that institutions interact and support the circular economy
implementation. For mechanical engineering, institutional support is vital for research and
development, facilitating the adoption of circular principles and integrating them into
educational and professional training [4]. Potentially, the clearest and most developed
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approach to accelerating the implementation of the circular economy can be seen in the
approach of the European Union. This top-down approach means that changes in national
regulations, strategies, and policies are introduced and implemented before they affect
subordinate local regulations. Therefore, it is of crucial importance to understand, assess,
and improve the capacity and role of these institutions in leading this transformative
transition towards a circular economy [14,18].

This paper aims to delve into the economic monitoring of circular transformation as a
challenge for mechanical engineering. It will explore the methodologies and institutional
frameworks that support this transformation, assess their effectiveness, and identify areas
for improvement. The paper will draw upon various studies to provide a comprehensive
understanding of the current state of circular economy implementation in mechanical
engineering and the future directions for its monitoring and development.

2. LITERATURE REVIEW

The following review examines the latest scientific literature related to the circular
economy, particularly emphasizing its impact on mechanical engineering. It offers an in-
depth overview of current research and theories, highlighting the necessity of transitioning
from conventional linear economic models to a circular economy. This transition is not
only crucial for environmental sustainability but also represents a strategic objective at
various levels - global, regional, national, and personal.

In their works, Kalmykova et al. [19] and Ghisellini et al. [7] offered comprehensive
and insightful reviews of the circular economy by carefully and thoroughly examining its
development and revealing its fundamental principles in order to understand its theoretical
foundation better. Their research integrates a vast spectrum of existing ideas and practices
into a coherent framework and, crucially, progresses the conversation by introducing
practical tools and strategies. These innovations are meant to empower businesses to
seamlessly adopt circular economy principles, significantly enriching both overall
historical comprehension and the pragmatic implementation of these concepts. At the same
time, the Ellen MacArthur Foundation [8] has made significant strides in understanding the
circular economy and its importance from the standpoint of businesses and civil society.
Their research explores the economic and business incentives for transitioning towards a
circular economy. This pivotal report underscores not just the immediate advantages but
also the long-term imperatives of this transformation, thereby casting a compelling vision
for a sustainable future.

In addition to detailed overviews, multiple foundational works set the stage for a deeper
understanding of the circular economy's complexities. Sousa-Zomer et al. [4] offer a
critical analysis of the obstacles encountered when transitioning business models from a
linear to a circular framework. Their work sheds light on the many-sided nature of this
shift, revealing the particularities involved in redefining value creation and supply chain
dynamics in a circular context. This paper becomes a cornerstone for understanding the
initial resistance and the innovative solutions required in adopting circular principles.
Furthermore, Lewandowski’s [5] contribution complements the previous references by
demonstrating how traditional business models can be restructured to align with circular
economy principles. His insights bridge the gap between theory and practice, offering a
pragmatic yet innovative approach to rethinking economic activities. His work serves as a
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guiding framework for businesses and policymakers, showing the feasibility and
advantages of integrating circular economy concepts into existing business structures. In
addition to its foundational importance, the Ellen MacArthur Foundation [8] goes beyond
a historical perspective and provides a strong rationale for transitioning towards circular
models. This report is pivotal in mapping out the journey from the early theoretical
concepts of the circular economy to its practical applications. It not only clarifies the
economic and environmental imperatives of this transition but also paints a vision of a
sustainable and resilient future.

From the foundational understanding of the circular economy and its importance stems
the research on transitioning from linear to circular models which reflects a
multidisciplinary effort to understand and implement these changes across various sectors.
The work of de Boer et al. [6] offers a macroscopic view of this transition, discussing the
global environmental and socio-economic impacts. Their analysis underscores how the
circular economy can address critical global challenges like climate change, resource
scarcity, and social inequality, offering a holistic perspective on the required systemic
changes. Complementing this global perspective, McCarthy et al. [20] delve into the
macroeconomics of the circular economy. Their research bridges the gap between
theoretical understanding and real-world economic implications, demonstrating how
circular economy practices can lead to economic growth, job creation, and a more resilient
economy. This paper is crucial for understanding the broad economic effects of
transitioning to a circular economy and how it can be integrated into national and global
economic strategies.

In the realm of practical applications, Suzanne et al. [21] discuss the challenges and
opportunities of integrating circular economy principles into production planning. This
research is particularly relevant for mechanical engineering, as it highlights how traditional
production processes can be re-engineered for sustainability. Similarly, Vunnava and
Singh's work [22] on mechanistic engineering models offers valuable insights into the tools
and methods required to enable a circular economy transition, emphasizing the role of
technology and innovation in this process.

The practical challenges and strategies for businesses, especially in the manufacturing
sector, are further explored by Riesener et al. [23] and Chen et al. [24] These papers provide
a comprehensive overview of the hurdles businesses face in this transition and propose
potential solutions and strategies. They discuss how circular economy principles can be
implemented in manufacturing processes, product design, and supply chain management,
offering a roadmap for businesses looking to embark on this transformative journey.

The cumulative knowledge presented in these works offers a comprehensive
understanding of the circular economy's theoretical foundation, global impacts, and
practical applications. However, the transition towards a circular economy is particularly
impactful in the field of mechanical engineering, where design, manufacturing processes,
and lifecycle management play critical roles. The application of circular economy
principles in this sector requires a delicate understanding of the unique challenges and
opportunities it presents. As we dive deeper into the methodological frameworks and
indicators for monitoring the circular economy, it is essential to scrutinize existing
frameworks and their applicability to the mechanical engineering sector. This sector, with
its complex manufacturing processes and lifecycle management, requires a subtle approach
to monitoring and evaluating circular economy practices.



Economic Monitoring of the Circular Transformation as a Challenge for Mechanical Engineering 93

Delving into the methodological aspect, Tikhonov [25] highlights the need for
approaches tailored to mechanical engineering in the circular transition. To enable
sustainable product development, a fundamental shift in the system is required. This
includes a holistic approach to design, material selection, and end-of-life management.
These frameworks should track not only the flow of materials, but also evaluate product
durability and reparability. This concept is further elaborated by Lewandowski [5], who
discusses the restructuring of business models to fit into a circular economy framework.

Drawing on this, Sassanelli et al. [26] present a systematic review of circular economy
performance assessment methods, advocating for frameworks that gauge a company's
circularity level. Similarly, Haupt and Hellweg [27] propose environmental-impact-based
indicators, broadening the scope of circular economy monitoring to include comprehensive
environmental considerations. Potting et al. [28] contribute to this discourse by developing
a framework that gauges innovation's role in circular economy transitions, highlighting its
significance in mechanical engineering.

Transitioning to the role of policies and institutions, Lopez Ruiz et al. [29] shed light
on how regulatory frameworks significantly influence the adoption of circularity in the
construction and demolition sectors, a finding equally relevant to mechanical engineering.
Fischer and Pascucci's [12] investigation into the Dutch textile industry offers insights into
how institutional frameworks can facilitate or impede the adoption of circular economy
principles. Extending this perspective, Rizos et al. [30] discuss the challenges and
opportunities for SMEs within the circular economy, providing valuable insights applicable
to the mechanical engineering sector.

Further broadening the discussion, Schulz, Hjaltadéttir, and Hild [31] advocate for a
comprehensive understanding of the circular economy from an institutional viewpoint.
They emphasize the transformative potential of circular economy practices. Gliickler and
Lenz's [32] framework analyses the interplay between regulation and institutions at a
regional scale, offering a dynamic view of how such interactions shape the effectiveness
of circular economy policies, a perspective crucial for mechanical engineering firms.

This section highlights the complex connection between economics, mechanical
engineering, and the circular economy. The methodological and policy frameworks, along
with institutional factors discussed here, collectively influence the adoption and
effectiveness of circular economy concepts in this field. These insights not only guide
present practices but also pave the way for future innovations and strategies in mechanical
engineering. However, the analysis shows a clear lack of unified and dedicated research
providing a unique perspective on the economic monitoring of the circular transformation
in mechanical engineering.

Having established the significance of these frameworks and influences in mechanical
engineering, the next section of this paper will further illuminate the methodological
frameworks used on macro and micro economic levels, particularly in the field of
mechanical engineering and for businesses embarking on this transformative journey.

3. METHODOLOGICAL FRAMEWORK FOR MEASURING AND ASSESSING THE
DEVELOPMENT OF THE CIRCULAR ECONOMY

As previously mentioned, advancing the realization of the circular economy requires
thorough measurement and assessment of its implementation. One of the main challenges
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of this task is the lack of universally accepted methodological frameworks, indicators, or
metrics. Additionally, the complex relationship between technical, environmental,
economic, and social aspects inherent in circular processes presents a significant obstacle
[17]. Despite these challenges, evaluating the development of the circular economy is of
crucial importance. The ability to track progress, identify areas requiring improvement, and
shape policies and strategies for an efficient transition to the circular economy is vital [2,3].

Having in mind the importance of evaluation, various international regulatory bodies
have begun to deal with presenting non-financial information, including key elements
necessary for evaluating the circular economy. The most recognizable approach is that of
the European Commission [33] through Directive 2014/95/EU, based on methodological
frameworks such as the Guide to Corporate Social Responsibility [34], the Environmental
Management and Audit Scheme [35], and the Global Reporting Initiative [36], among
others. This directive and the presented frameworks provide guidelines for selecting and
measuring indicators. However, even when 80% of the top 250 multinational companies
use these standardized formats in their Corporate Sustainability Reports, the presented
information still lacks uniformity [17]. This reality highlights the need for further research
on which aspects of circularity organizations currently measure and communicate in their
reports and what additional information they need to include to accurately represent their
level of adoption of the circular economy. Also, it is necessary to build national indicators
based on this information, providing a basis for comprehensive analysis.

In the following lines, we will illuminate the dense network of technical, economic,
ecological, and social dimensions embedded in circular processes and identify the most
appropriate methodological approaches, methods, and indicators that can be applied.

3.1 Criteria for Evaluation of the Development of the Circular Economy

Although promoted by international and national institutions and the academic
community, the circular economy still represents a very young and extremely challenging
concept in terms of definition and measurement [16,19]. This is precisely why there is no
generally accepted definition of the circular economy, and therefore, the criteria for its
evaluation are not standardized.

The definition of the circular economy that holds sway at present is that put forth by
the Ellen MacArthur Foundation [8]. It states that the circular economy can be defined as
"an industrial system that is restorative or regenerative by intention and design. It replaces
the ‘end-of-life” concept with restoration, shifts towards the use of renewable energy,
eliminates the use of toxic chemicals, which impair reuse, and aims for the elimination of
waste through the superior design of materials, products, systems, and, within this, business
models.” [8, p.7]. Additionally, Kirchherr et al. [37] in their comprehensive literature
review identified 114 definitions and proposed a unifying concept defining the circular
economy as " an economic system that replaces the ‘end-of-life” concept with reducing,
alternatively reusing, recycling, and recovering materials in production/distribution and
consumption processes. It operates at the micro level (products, companies, consumers),
meso level (eco-industrial parks), and macro level (city, region, nation, and beyond), with
the aim to accomplish sustainable development, thus simultaneously creating
environmental quality, economic prosperity, and social equity, to the benefit of current and
future generations. It is enabled by novel business models and responsible consumers." [37,
p. 229].
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These definitions provide a foundation for establishing evaluation and monitoring
criteria and monitoring the development of the circular economy that aims to reflect the
primary goals of circular economy strategies. These criteria include [38,39,40]:

Reducing the use of natural resources

Reducing the level of harmful gas emissions

Reducing waste and loss of valuable materials
Increasing the share of renewable or recycled resources
Increasing the utility, value, and durability of products

The sustainability and efficiency of any framework for evaluating the development of
the circular economy depend on its validity, reliability, and usefulness [40], as well as the
criteria that establish the basis for its evaluation. Therefore, it is necessary to determine
whether the analyzed methodological frameworks, indicators, or tools accurately measure
progress toward the circular economy, provide consistent results in different contexts, and
are practical for application.

3.2 Circular Economy Evaluation Indicators

One of the crucial open questions regarding the circular economy is the definition of
indicators and tools for measuring and evaluating the circular economy. "What gets
measured, gets managed” - a quote from Peter Drucker, reveals the trap for a targeted
transition to a sustainable, circular economy [41, p. 1]. Considering that this concept is
based on a paradigm closely correlated with sustainable development, tools for measuring
the circular economy are mainly based on its contribution to sustainable development.
However, policymakers are increasingly seeking comprehensive aggregate indicators
related to composite indices as a useful tool that can be easily interpreted and
communicated to the public [42, p. 2].

In the course of our analysis, we will commence by exploring the indicators at the
national or macro level. For this purpose, indicators and the methodological framework of
the European Union will be used as a representative example due to its pioneering
significance in the implementation of the circular economy. Afterward, our attention will
be directed towards assessing the circular economy, particularly at the micro and company
levels. Our presentation will highlight the vital indicators recognized in scientific and
professional circles, thereby providing a clear insight into their significance. Our discussion
will encompass quantitative, analytical, and composite indicators, illustrating how they can
be used in various facets of the circular economy.

3.2.1 Indicators for Measuring the Circular Economy at the National Level

Based on a significant number of research and exploratory studies and reports, it can
be observed that the model of the circular economy has experienced rapid promotion and
significant application only in a small number of the world's most developed countries.
Many of these countries are a part of the European Union, and therefore, the indicators and
tools for evaluating the circular economy at the national level will be identified with the
indicators presented in the Framework for Monitoring the Circular Economy in the
European Union [43]. It is imperative to measure the circular economy on a national level
as it promotes sustainable development. In this aspect, governments hold significant
responsibility in establishing and executing policies that facilitate the shift from linear
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economic models to those founded on circular economy principles [42]. Based on various
data, some countries have developed specific approaches to monitor progress towards the
development of the circular economy at the national level (macro level). Interestingly,
almost all these initiatives are based on material flow calculations and waste management
data [44, p. 46]. At the macro level, the main focus is on the (material) exchange between
the economy and the environment, international trade, and material accumulations in
national economies, not on flows within the economy. Macroeconomic indicators describe
the characteristics of a country or a larger region mainly in relation to interactions with the
rest of the world through trade flows [45, p. 6].

European Union policy for waste and the circular economy has evolved over the past
30 years through a series of environmental action plans and circular economy policies
aimed at reducing impacts on the environment, improving human health, and creating an
efficient economy [44, 46]. The latest document in the series that monitors the
measurement of the development of the circular economy in the European Union is the
Methodological Framework for Monitoring Progress in Implementing Measures for the
Circular Economy from 2018 [47]. This framework includes ten key indicators that cover
four broad areas such as production and consumption, waste management, secondary raw
materials, and competitiveness and innovation. The data of indicators and sub-indicators
are based on official statistics from Eurostat, the Joint Research Centre, and the European
Patent Office [42, p. 3]. However, not all of the indicators are relevant to the field of
mechanical engineering. Thus, building on the Garcia-Bernabeu et al. [42] overview, in
Table 1, we are emphasizing the most important macroeconomic indicators relevant to the
mechanical engineering field.

Table 1 List of Circular Economy Macro-Indicators Relevant to the Mechanical
Engineering

Relevant to the Field

No. Indicator Data Source RGBT Covs:-rage . of Mechanical Importance to Mechanical Engineering
Area Time C S
Engineering
Production and Consumption
EU self-sufficient for raw European Only EU I DEEMITES iz ava_llabllny a!‘d
il, e — e aggregate Yes sustainability of materials essential for
mechanical engineering within the EU.
2 Green Public No
Procurement
3. Waste Generation Yes

Indicates the societal impact of waste,

Generation of municipal reflecting on the efficiency and

3a. waste per capita (Kg per Eurostat AIIBU Member  >10 years

Yes

capita) States (2000) environmen_tal fqotprint of mechanical
engineering processes.
Generation of waste Provides insight into the relationship
b excluding major mineral Eurostat All EU Member ~ >10 years Yes between economic activity and waste
* wastes per GDP unit (Kg States (2004) production, relevant for sustainable
per thousand euro) mechanical engineering practices.

Generation of waste
excluding major mineral
3c. wastes per domestic Eurostat
material consumption
(percentage)

Measures the intensity of waste generation
in relation to material usage, a key factor
for resource-efficient mechanical
engineering.

All EU Member ~ >10 years

States (2004) Yes

Food Waste (millions of
tons)

Waste Management
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5. Recycling Rate Yes
. Reflects the effectiveness of recycling
Recypl!ng rate of All EU Member ~ >10 years systems, which mechanical engineering
5a. municipal waste Eurostat Yes "
States (2000) can enhance through design and process
(percentage) ugh de
optimization.
Recycling rate of all Gauges the overall efficiency of waste
waste excluding major All EU Member recycling, crucial for understanding and
5b. mineral waste Burostat States 510.10(2010) Yes improving circular practices in mechanical
(percentage) engineering.
Recycling/recovery for
6. e Yes
specific waste streams
. - Relevant for evaluating the sustainability
6a. Recycllr)g rate of overall Mln_lstrles of All EU Member ~ >10 years Yes of packaging materials often used in
packaging (percentage) Environment States (2000)
products.
Recycling rate of plastic Ministries of All EU Member ~ >10 years C”"c'.al for mechan!cal engineering, as it
6b. ackaging (percentage) Environment States (2000) Yes impacts material selection and
P aing (p 9 sustainability of plastic components.
Recycling rate of wooden ~ Ministries of ~ All EU Member ~ >10 years Indicates the efficiency of wood recycling,
6c. h . Yes a material commonly used in mechanical
packaging (percentage) Environment States (2000) " N
engineering.
Directly relevant to mechanical
Recycling rate of e-waste All EU Member engineering due to the need for sustainable
6d. (percentage) Burostat States 51010 (2010) Yes disposal and recycling of electronic
components.
Recycling of biowaste (Kg All EU Member ~ >10 years
Be. per capita) Burostat States (2000) No
Recovery rate of Important for mechanical engineering in
6f. construction and Eurostat All BU Member 51010 (2010) Yes the context of sustainable construction and
demolition waste States infrastructure development.
(percentage) P !
Secondary Raw Materials
Contribution of recycled
7. material to raw materials Yes
demand
End-of-life recyclin Assesses how effectively materials are
7a input rates (EO{-RIgR) European Only EU 2016 Yes recycled at the end of a product's life,
. P! Commission aggregate crucial for mechanical engineering product
(percentage) desi
lesign.
. . Measures the extent to which materials are
7b. Cl:g;iela(r;?:;ﬁ:;ale;lse Eurostat Al E;al;/;mber >1(lgo)1%e;rs Yes reused and recycled, integral to sustainable
P g mechanical engineering.
Provides insights into the market dynamics
8 Trade in recyclable raw Eurostat All EU Member ~ >10 years Yes of recyclable materials, affecting material
. materials (tonnes) States (2004) selection and supply chains in mechanical
engineering.
Competitiveness and Innovation
Private investments, jobs
9. and gross value added Yes
related to CE sectors
Gross investments in Reflects the investment in physical assets,
%a. tangible goods Eurostat All EU Member ~ >10 years Yes important for assessing the growth and
. (percentage of GDP at States (2012) development of the mechanical
current prices) engineering sector.
Persons employed Indicates the employment landscape in
9b. (percentage of total Eurostat AIIEU Member  >10 years Yes mechanical engineering, showing its
States (2012) . N
employment) impact on the job market.
Value added at factor Reveals the economic contribution of
9c. cost (percentage of GDP Eurostat AIIEU Member - >10 years Yes mechanical engineering to the broader
; States (2012)
at current prices) economy.
10 relatodto recyeingand  EVIOPEAD Ptent AIIEU Member 10 ears ves R
: yeling Office States (2000) 9 9. P Y

secondary raw materials

practices and materials.
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The list of indicators and sub-indicators for evaluating various criteria of the circular
economy, as presented in Table 1, reflects the degree of its development in the European
Union. The list also includes two indicators, green public procurement and food waste,
although their full implementation will only commence in the coming years. The majority
of indicators and sub-indicators pertain to waste management, considering that waste is
one of the key challenges to sustainable development. Additionally, a portion of the
indicators focuses on competitiveness and innovation, which are crucial for further socio-
economic development [3]. Most of the macroeconomic indicators are also relevant to the
field of mechanical engineering and gather data from that field as well.

3.2.2 Indicators for Measuring the Circular Economy at the Company Level

Despite the widespread dissemination and availability of circular economy theory, there
remains a notable deficiency in empirical methodologies for assessing its practical impact,
as well as a paucity of established metrics and indicators for this purpose [48]. The
transition towards a circular economy necessitates comprehensive tools for evaluating its
progression, necessitating metrics that address both the macro-level (national) and micro-
level (company-specific) dimensions. While data at the macro level are relatively
accessible, facilitating national-level circular economy assessment, companies encounter
significant obstacles in evaluating their circular economy practices, particularly beyond the
scope of waste generation and recycling. Consequently, the development of an effective
measurement framework at the enterprise level is imperative for a holistic analysis of
circular economy practices. Presently, the circular transition is in its nascent stage,
predominantly within the most advanced economies. Even within those economies,
approximately 28% of companies have yet to initiate any circular economy-related
activities, and only about 8 to 12% of companies are substantially engaged in transitioning
towards a circular economy [49, p. 4]. Therefore, measurement at the enterprise level
should be viewed through a system of measurement of companies that have implemented
the concept of the circular economy. Literature in this field recognizes over 100 indicators
at the enterprise level [50, p. 522], and thus, measurement at the micro level has a limiting
factor related to the choice of measurement tools. Indicators for measuring the circular
economy must be relevant, so the list of proposed tools highlights 28 micro indicators [50,
p. 523]. As shown in Table 2, micro indicators of the circular economy can be divided into
three groups, namely [51]:

e Quantitative indicators — numerical measures of circularity

e Analytical tools — qualitative measures of circularity

e Composite indicators — combine quantitative indicators and analytical tools for

assessing the circularity of products or enterprises

From the perspective of focus on the circular economy, indicators can be grouped into
nine categories: Extension of lifecycle, Resource efficiency, "End-of-Life" management,
Waste management, Recycling, Remanufacturing, Reuse, Disassembly, and
Multidimensional indicators.

Most micro indicators are categorized in recycling, remanufacturing, or lifecycle
management. Very few are in reuse, disassembly, waste management, life extension, or
resource efficiency [50, 51].
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Table 2 List of Circular Economy Micro-Indicators Relevant to the Mechanical

Engineering
Importance to
Misfietar CE Focus Decision Sustainability L?f?guf:tle Access to g\?::;gi} Measurement  Mechanical Importance
Category Criteria Dimension 4 ; Principle Engineering Evaluation
Phase Indicator Field
Quantitative Indicators
prekind
RDI Recycling Rec Environmental PD IIE C/M/L recycling High -
PRI material and
desirability N .
design choices
Influences
Extent of material
RPI Recycling Rec Ecological C E Cc/M material reuse High selection and
potential lifecycle
management
Balances
economic and
. . Economic value . environmental
CEl Recycling Rec Economic C E C/IM/L at end-of-life Medium aspects of
material
recovery
Recycling/ Product Drives design
. circularity based . for longevity
MCI Waste Rec/LE/WM  Environmental C I/E C/M/L on material High and material
Management flows efficiency
Directly relates
to product
MRS Recycling Rec Environmental PD C/IM Rec_:yclablg High sustainability
material fraction
and waste
reduction
Evaluates
Resource Eco/ Eco-cost to value . environmental
EVR Efficiency RE Environmental PD Ve cm ratio Medium impact versus
product value
Encourages
Resource
Resource Eco/ efficiency b mass and
VRE Efficienc RE Environmental/ PD C/M/L Weight ;Indy Medium policy-based
Y Social glic resource-
policy efficient design
Critical for end-
. " Disassembly . of-life
eDIM Disassembly D Ecological PD [ time High management
and recyclability
Vital for
Effective maintenance,
EDT Disassembly D Ecological PD IIE C disassembly time High repair, and
4 disassembly
processes
Focuses on
Material designing
LI Life Extension LE Environmental C IIE C/IM/L longevity in the High durable and
product cycle long-lasting
products
Analytical Tools
R Jing/ Measures the
ecycling . Circular value of : economic value
PLCM Remanufacturing Rec/Rem Ecological C CIM parts and product High of circularity in
product design
Assesses
recycled
CcC Recycling/Reuse Rec/Reu Ecological C E C/IM Recycled content High _conter}t,
of the product informing
sustainable

design choices
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Eco/ End-of-use susta?nl:gleesend-
EPVR End-of-Life EOL Environmental/ C E C/M management Medium £-lif d
Social options of-life product
strategies
Sustainable Influences
Eco/ design design for end-
SDEO End-of-Life EOL Environmental/ C E CIM performance at Medium of life
Social B 3 .
end-of-life considerations
Eco/ : Assists in
PR-MCDT  End-of-Life EOL  Envionmental  C E o Remanufacuing iy, - declsion-making
Social easibility or product
recovery options
Remanufactured Fac(;g;iatisiico-
REPRO2 Remanufacturing Rem Ecological PD C product design High proguct
aid remanufacturing
Material/compon EnT:ti nricaels
TPQ Re;o_urce RE Environmental PD [ ent quality for High selection and
Efficiency resource "
efficiency product quality
assessment
Encourages
Waste Eco/ Zero-waste development of
EZWP WM Environmental/ C C/M/L management Medium waste
Management .
Social development management
practices
Provides
. idelines for
. " Circular ui h
Multidimensional Eco/ . . circular design,
cbe Indicators Rem Environmental FD cm ec;g;]orrg\yet:neesrl]gt;n Medium relevant to
P product
innovation
Composite Indicators
Economic and Evaluates the
. Eco/ ecological . sustainability of
DSTR Remanufacturing Rem Environmental ¢ CiL viability of High remanufacturing
remanufacturing processes
Defines
efficiency in
RI Recycling Rec Environmental C C/L Recycling and High pro_ducl
recovery rates recycling and
material
recovery
. Integrates
Recycling/ inabili sustainability
Waste . Sustainability . into the
SICE Management/ Rec/WM/Reu  Environmental C IIE C/IM/L and functional Medium functional
R performance assessment of
euse
products

Abbreviations: PD - Product Development; C — Consumption; | — Internal; E — External; C/M/L - Company/Market/Legislation; Rec — Recycling; LE - Life
Extension; WM - Waste Management; RE - Resource Efficiency; D — Disassembly; Rem - Remanufacturing; EOL - End-of-Life; Eco — Ecological; Env —
Environmental; Soc — Social,

The selection of tools for measuring the progress towards a circular economy within an
enterprise is influenced by various factors, as reflected in the comprehensive table, which
includes both quantitative and analytical indicators. Data sources for these metrics may be
internal or external to the company, impacting the applicability and scope of each indicator.
Table 2 showcases a set of 28 most relevant indicators, underscoring those that are
important for the field of Mechanical Engineering. By selecting particular indicators, a
company not only aligns itself with the principles of a circular economy but also signals its
commitment to specific dimensions of sustainability.

The predominance of quantitative indicators, especially those focusing on recycling and
resource efficiency, underscores their technical importance to Mechanical Engineering.
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However, their numerical strength does not equate to overarching significance. Analytical
tools and composite indicators offer insights into areas that quantitative measures cannot
encapsulate alone, such as the design for disassembly and remanufacturing, the longevity
of materials in the product life cycle, and the strategic end-of-life management of products.

Furthermore, Table 2 suggests that the relevance of indicators extends beyond raw data
collection, with a significant number being influenced by external factors such as market
trends and regulatory frameworks. The legislative context, in particular, can exert
considerable influence on the feasibility and effectiveness of certain indicators. Therefore,
a judicious combination of various indicators is recommended to gain a holistic
understanding of an enterprise's circular economy maturity. This multi-layered approach
ensures that mechanical engineering considerations are fully integrated into the assessment,
leading to a more accurate and actionable measurement of circularity at the company level.

3.3 Circular Economy Evaluation Methods

In addition to the previously explained indicators, the assessment of the transitioning
success toward a circular economy can be performed through the application of various
evaluation methods. These methods are of crucial importance as they enable the
identification of successes and challenges in the implementation of circular economy
models. They also serve as a basis for continuous improvement of practices, policies, and
strategies that lead to sustainable development. However, in the existing literature on the
circular economy, there is a lack of interest in evaluating the performance of the circular
economy and a lack of methods that could measure and simultaneously assess all variables
involved in the circular system [3,38-40].

There are various methods for evaluating the development of the circular economy.
Several popular methods used to evaluate the circular economy include Life Cycle
Assessment (LCA), Material Flow Analysis (MFA), Input-Output Analysis (I0A),
Ecological Footprint (EF), and Circular Economy Indicator (CEI) [26,40]. These methods
are used in different contexts and for different purposes, but all of them provide clear and
measurable information about circularity.

Table 3 Comprehensive Overview of the Circular Economy Evaluation Methods

Application in Relevance to

Method Description Circular Advantages Limitations Mechanical E‘/’;ﬁ:ﬁ%‘f References
Economy Engineering
Evaluates
A | Analyzes end-of- inl ial §
Life Cycle environmenta life alternatives Comprehensive Focus_es mainy on C_ruma or.
implications of N : environmental " sustainable design
Assessment . and environmental impact High . [26,38,40,52,53]
products/services . aspects and can be and impact
(LCA) o environmental assessment. . .
throughout their life : cost-intensive. assessment.
footprint.
cycle.
Measures Challenges with
Material Flow  Quantifies flow and . - Detailed insights into  data availability Useful for material
q : circularity rate . . ST
Analysis stocks of materials resource efficiency and and system Medium use optimization in [54-57]
P and resource use -
(MFA) within a system. - waste management. assessment production processes.
efficiency. .
capacity.
Studies economic E;;%Il?:s: Connects economic Requires socio- Useful for
Input-_output interdependencies and  efficiency and activities with y cplturql . Medium undgrs;andlng_ [40,58-60]
Analysis (10A) : : environmental/social considerations; economic interactions
impacts. waste reduction impacts complex and resource flows
potential. pacts. plex. i
q Assesses Encourages awareness ~ May not capture )
Ecclogicel Measures land and oo of ecological limitsand  all aspects of Lowto Indirectly promotes [26,40]

Footprint (EF) water area required for Medium sustainable practices.

demand versus sustainability. circularity.
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resource consumption ecological

and waste absorption. capacity.
Circular " . Evaluates Complex Important for
E Measures circularity performance P . A . N
conomy within organizations _ strategies of the Specific insights into calculation; Medium to assessing and [26,40]
Indicator h circular practices. extensive data High enhancing circularity !
or systems. circular ; .
(CEI) needed. in designs/processes.
economy.
Multi-Criteria - Assesses Still developing; Aids complex
Decision Evaluates dems_lons performance of  Allows evaluation of  research needed . decision-making with
q based on multiple N o - Medium b [26,61-63]
Making criteria complex circular  conflicting criteria. for method sustainability trade-
(MCDM) . systems. refinement. offs.
. Manages Integration with L
Handles uncertain LY . Supports decisions in
. : P uncertainties in  Suitable for complex, other performance Low to .
puzzlogic mfo_rmatlon n sustainability vague information. measures is Medium complex, uncertain [64]
decision-making. o scenarios.
assessments. limited.
Design for X De5|ag: ngsrﬂiih for u[iijee\:ier:gsior Strategic design 0Ongoing research Directly relates to
9 . P 9 guidelines for needed to address High sustainable, circular [26,65-68]
(Y disassembly, end-of-  circular product sustainabili limitations roduct design
life, recycling. design. ty. : P n.
Data . . Assesses energy . : SFECi.ﬁC .
Analyzes efficiency in > " Efficiency analysis application to Used for evaluating
Envelopment . efficiency in . . Low to : .
" operations of y across multiple circular economy . production efficiency [11,69,70]
Analysis .~ N . recycling and " Medium N
decision-making units. entities/processes. needs further and benchmarking.
(DEA) other processes. exploration

Table 3 presents a comprehensive overview of various Circular Economy Evaluation
Methods, each vital for assessing the transition towards a circular economy. These methods
offer diverse approaches to evaluate circularity. They not only provide clear and
measurable insights into the circular economy but also identify challenges and successes
in implementing circular models.

The table also highlights each method's unique advantages, limitations, and specific
relevance and importance in the context of mechanical engineering. This relevance ranges
from high, as seen in LCA and DfX, which directly relate to sustainable design and product
development, to medium and low in other methods, where the focus shifts more towards
economic and ecological aspects. Despite these variations, all methods collectively
contribute to a deeper understanding and continuous improvement of practices, policies,
and strategies leading to sustainable development.

Moving forward, understanding the previous indicators and evaluation methods is
integral to developing effective institutional frameworks. The following section will
explore the structural and policy dimensions that govern the application of circular
economy practices, emphasizing the interplay between practical methodologies and
institutional environments that shape their implementation and efficacy.

4. INSTITUTIONAL FRAMEWORK FOR THE DEVELOPMENT OF THE CIRCULAR
EcoNnOoMY

The successful implementation of circular economy practices relies not only on the
establishment of reliable monitoring mechanisms but also on the effective functioning of
various institutions, which form the backbone of the necessary changes in economic,
political, and social decision-making. Institutions, defined as multiple configurations of
economic, political, and social decision-makers, are essential in providing the
infrastructure for much-needed changes [71]. These institutions comprise regulatory
frameworks, business agreements, norms of behavior, and other factors that significantly
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influence industrial and societal transformations, molding social interactions, setting
expectations, and delineating acceptable actions within the evolving ecosystem. For
mechanical engineering, institutional support is critical for research and development and
for incorporating circular principles into educational and professional structures [8]. The
European Union’s top-down approach exemplifies a clear and developed strategy for
accelerating the circular economy by enforcing changes in national regulations, strategies,
and policies at a higher level before these trickle down to local regulations. It is essential
to understand, assess, and enhance the capacity and function of these institutions to lead
the transformative shift towards a circular economy [72-74].

Elaborating on the research done independently by Shulz et al. [31], Geissdoerfer et al.
[75], and North [76], Table 4 details the institutional framework through a three-level
approach: Regulatory, Normative, and Cognitive. In the context of mechanical
engineering, institutions across all three levels play unique and vital roles in guiding the
industry toward circular practices. The new comprehensive framework, represented in
Table 4, outlines the roles of these institutions in facilitating the transition towards a

circular economy.

Table 4 Institutional Framework and Circular Transformation

Implications for

P Type of - q Role of Significance for H
Institutional Level i Specific Actions Institutions Circular Economy Meghanl;al Factors for Success
Engineering
Ene_lclment of Mandate product design
environmental Enforce rules  Create and enforce laws for disassembly.
regulations, through a system  that promote circular N 7
Goverqment subsidies, and of laws, practices like waste eStab.“Sh material Strong legal frame\{v_o_rk,
Bodies : . . : . selection standards, enforcement capabilities
tax incentives for  sanctions, and  reduction, recycling, and incentivize sustainable
sustainable rewards resource efficiency -
. engineering processes
Regulatory practices
Harmonization Influence . Encourage adherence to
. of standards,  behavior through Promote collab_oranon international standards Global cooperation,
International devel r ati d between countries for a d enable global K bord i
Organizations %€ opment of  regulation an global circular economy 2" enable global mar et cross-border policy
international ~ management on a access for circular alignment
approach
agreements global scale products
Act through Establish industry
Establishment of norms and values Shape social norms and standards for
Industry industry-specific that define values to favor sustainability, create a  Industry-wide adoption,
Associations sustainability acceptable sustainable consumption professional culture benchmarking
standards behavior in and production valuing circular
society principles
Normative
Provide
Ad\{ocacy for guidelines for Influence local Support local sourcing
. sustainable local . . " .
Community ractices, social conduct  economies and consumer and community-focused Community engagement,
Groups cgmmunil’ ~ through behavior towards circular initiatives in local initiatives
based initiat?,ves community circular practices mechanical engineering
engagement
Shape the way
individuals
Integration of interpret the Influence perceptions Integrate circular
Academic circular economy world, . anq understanding of economy prlnup_les i Equcation and research,
Institutions concepts into encompassing circular economy, educational curricula, knowledge dissemination
educational shared affecting willingness to  promote circular design
programs conceptions, adopt circular practices principles
Cognitive beliefs, and
9 mental models
Enhance the public and
. Influence . . :
Information erceptions and Raise public awareness professional
" dissemination, perceptions and knowledge about the  understanding of the Public awareness,
Media Outlets understanding of N N Lo . N . >
awareness N benefits and practices of  implications of circular informative media
. circular economy . y
campaigns the circular economy  economy for mechanical

on a wide scale

engineering
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This structure in Table 4 demonstrates the critical importance of a multi-level,
collaborative approach to implementing the circular economy within mechanical
engineering and highlights the necessity for institutions to adapt and coordinate across
different levels to ensure success. At the Regulatory Level, there is a call for enforcing
design and material standards that facilitate sustainability. The Normative Level
emphasizes the cultivation of an industry ethos that embraces and champions circular
methods. The Cognitive Level focuses on shaping the educational and perceptual
landscapes to foster a mindset aligned with circular practices. Collectively, these levels
create a robust foundation for Mechanical Engineering to actively participate in and drive
the shift towards a more sustainable and circular economy.

Challenges in the circular transition largely stem from the dynamic and increasingly
challenging socio-economic environment. However, institutional and regulatory barriers
represent key obstacles that determine the dynamics and speed of implementation and
development of the circular economy. The dynamic relationship between institutions at
various levels and socio-economic and technological development shapes the way in which
activities are stimulated, conflicts are managed, and paths of circular transformation are
defined [31,75]. It is an objective fact that the institutional framework defines the way in
which a strategic approach to the implementation and development of the circular economy
is created and carried out at the level of the national economy and regional integrations.

5. DISCUSSION AND ANALYSIS

The circular economy, characterized by its restorative and regenerative design, offers a
sustainable alternative to the traditional linear "take-make-dispose™ model, which is crucial
for addressing climate change, biodiversity loss, and resource depletion concerns. The
mechanical engineering sector plays a pivotal role in the current paradigm shift towards
circular economy. However, this transition poses inherent challenges due to the entrenched
linear methodologies.

The adoption of circular economy principles necessitates rigorous and systematic
monitoring to ensure the seamless integration of these practices into mechanical
engineering processes. The complexity of the task is underscored by the lack of universally
accepted methodological frameworks and metrics to track progress, identify bottlenecks,
and inform policy adjustments. For instance, the European Commission's Directive
2014/95/EU serves as a guiding beacon, yet the variation in reporting practices among
leading multinational corporations reveals a discrepancy in monitoring approaches,
emphasizing the need for a standardized yet flexible evaluation system that reflects the
circular economy's many-sided nature [17, 33-36].

Mechanical engineering's transition to circularity must be supported by robust
evaluation methods like Life Cycle Assessment (LCA) and Material Flow Analysis (MFA),
which offer comprehensive insights into the environmental impact of products and the
efficiency of resource use [26, 40, 52-57]. These methodologies are not merely academic
exercises but are instrumental in reshaping the sector's approach to design, production, and
end-of-life management, thus reflecting the circular economy's core objectives of
minimizing waste and maximizing resource utilization [14].

Furthermore, institutions provide the framework for the circular economy's uptake by
setting strategic directions, formulating policies, and fostering collaborations that
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encourage sustainable practices within mechanical engineering. The European Union, with
its methodical top-down approach, exemplifies the influence of strong institutional
leadership on national policies, which in turn impact the mechanical engineering sector's
regulatory environment. These institutions, therefore, must not only devise strategies but
also adapt and synchronize with the evolving socio-economic and technological landscapes
to encourage the industry's compliance with circular principles [14, 18, 71-74].

Mechanical engineering stands at a juncture where institutional support is not just
beneficial but essential for innovation and integration of circular principles into both
educational curricula and professional practices. The sector requires a strategic institutional
framework that spans regulatory, normative, and cognitive domains, fostering an industry
culture that values sustainability, encourages resource-efficient design, and supports
professional development aligned with circular economy objectives [4, 8, 31].

The journey toward a circular mechanical engineering sector is fraught with challenges.
The transition demands a rethinking of traditional business models, a reconfiguration of
production processes, and a recalibration of the workforce's skills and knowledge. As
highlighted by Sousa-Zomer et al. [4] and Lewandowski [5], the sector must overcome
resistance to change, develop innovative solutions, and align with new business models
that are both ecologically and economically viable.

The challenges are further compounded by the requirement for a cohesive and
concerted effort from various societal actors, including governments, businesses, and
individuals, to commit to sustainable practices. The sector's progress hinges on the
successful navigation of these socio-economic and regulatory hurdles, which requires a
continuous reassessment and fine-tuning of both strategies and operations [31, 75].

6. CONCLUSION

In this thorough analysis of the integration of circular economy principles in mechanical
engineering, we must acknowledge the limitations of our research and data sources, and
emphasize the potential applications of our findings. While the research has explained the
theoretical and practical implications of a circular transformation, it is constrained by the
nascent nature of circular economy metrics and the uneven adoption of practices across
industries and regions.

The reliance on current literature and existing frameworks like the European
Commission's Directive 2014/95/EU may not capture the full spectrum of circular
economy activities, particularly in less developed economies or industries at the periphery
of the circular movement. Furthermore, the application of methods such as LCA and MFA,
while comprehensive, could benefit from a more refined approach that includes emerging
technologies and innovative practices in mechanical engineering that are not yet
mainstream or fully understood.

The potential users of this research span policymakers, academic researchers, and
mechanical engineering practitioners. Policymakers can leverage these findings to craft
refined and supportive regulatory environments that encourage circular practices.
Academics may build upon this foundational research to address gaps in circular economy
metrics and develop more comprehensive and adaptable evaluation tools. Practitioners in
the mechanical engineering field can apply this knowledge to drive innovation and
implement sustainable practices that align with the principles of the circular economy.



106 A. POPOVIC, Z. STANKOVIC, A.TODOROVIC

This study highlights the need for further exploration and refinement of circular
economy principles in mechanical engineering. It highlights the urgency of developing a
more cohesive, cross-sectoral, and interdisciplinary approach to monitoring and evaluation.
By recognizing the limitations of our current frameworks and seeking to innovate beyond
them, we can foster a more resilient, sustainable, and circular future.

Acknowledgement: This research was financially supported by the Ministry of Science,
Technological Development and Innovation of the Republic of Serbia (Contracts No. 451-03-
47/2023-01/ 200371 and 451-03-47/2023-01/ 200109). Research results are part of the CA22124 -
EU Circular Economy Network for All: Consumer Protection through reducing, reusing, repairing
(ECO4ALL)

REFERENCES

1. Portner, H.O., Roberts, D.C., Tignor, M., Poloczanska, E., Mintenbeck, K., Alegria, A., Craig, M., Langsdorf, S.,
Ldschke, S., Méller, V., Okem, A., 2022, IPPC 2022: Climate change 2022: Impacts, adaptation and vulnerability:
Working group 11 contribution to the sixth assessment report of the intergovernmental panel on climate change.

2. Kulakovskaya, A., Knoeri, C., Radke, F., 2022, Measuring the economic impacts of a circular economy: An
evaluation of indicators, Circ. Econ. Sust., doi: 10.1007/s43615-022-00190-w.

3. Popovi¢, A., Ivanovi¢-Djuki¢, M., Miliji¢, A., 2022, Assessment of the impact of circular economy
competitiveness and innovation on European economic growth, The European Journal of Applied Economics,
19(2).

4. Sousa-Zomer, T.T., Magalhdes, L., Zancul, E., Cauchick-Miguel, P.A., 2018, Exploring the challenges for circular
business implementation in manufacturing companies: An empirical investigation of a pay-per-use service
provider, Resources, Conservation and Recycling, 135, pp. 3-13, doi: 10.1016/j.resconrec.2017.10.033.

5. Lewandowski, M., 2015, Designing the business models for circular economy—Towards the conceptual
framework, Sustainability, 8(1), p. 43, doi: 10.3390/su8010043.

6. deBoer, B.F., Rietveld, E., Rodrigues, J.F., Tukker, A., 2021, Global environmental and socio-economic impacts
of a transition to a circular economy in metal and electrical products: A Dutch case study, Journal of Industrial
Ecology, 25(5), pp. 1264-1271.

7. Ghisellini, P., Cialani, C., Ulgiati, S., 2016, A review on circular economy: the expected transition to a balanced
interplay of environmental and economic systems, Journal of Cleaner Production, 114, pp. 11-32, doi:
10.1016/j.jclepro.2015.09.007, (last access: June 21, 2023).

8.  Ellen MacArthur Foundation, 2013, Towards the circular economy Vol. 1: an economic and business rationale
for an accelerated transition, Awvailable online: https://ellenmacarthurfoundation.org/towards-the-circular-
economy-vol-1-an-economic-and-business-rationale-for-an, (last access: June 21, 2023).

9.  Braun, A.T., Kleine-Mbllhoff, P., Reichenberger, V., Seiter, S., 2018, Survey concerning enablers for material
efficiency activities in manufacturing, their supply chains and the transformation towards circular economy (No.
2018-3), Reutlinger Diskussionsbeitrage zu Marketing & Management.

10.  World Economic Forum, Ellen MacArthur Foundation, McKinsey & Company, 2014, Towards the circular
economy - Accelerating the scale-up across global supply chains, Geneva, Switzerland, Available online:
https:/mww3.weforum.org/docs/WEF_ENV_TowardsCircularEconomy_Report_2014.pdf, (last access: May
21, 2023).

11. Popovi¢, A., 2020, Implications of the Fourth Industrial Revolution on sustainable development, Econ. Sustain.
Dev., 4(1), pp. 45-60, doi: 10.5937/ESD2001045P.

12. Fischer, A., Pascucci, S., 2017, Institutional incentives in circular economy transition: The case of material use in
the Dutch textile industry, Journal of Cleaner Production, 155, pp. 17-32, doi: 10.1016/j.jclepro.2016.12.038.

13.  Hobson, K., Lynch, N., 2016, Diversifying and de-growing the circular economy: Radical social transformation
in a resource-scarce world, Futures, 82, pp. 15-25, doi: 10.1016/j.futures.2016.05.012.

14. European Commission, 2022, Circular economy, Directorate-General for Environment, Brussels, Available
online: https://ec.europa.eu/environment/topics/circular-economy_en, (last access: May 21, 2023).

15. Potting, J., Hekkert, M., Worrell, E., Hanemaaijer, A., 2017, Circular economy: measuring innovation in the
product chain.



16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

36.

37.

38.

39.

Economic Monitoring of the Circular Transformation as a Challenge for Mechanical Engineering 107

Korhonen, J., Honkasalo, A., Seppald, J., 2018, Circular economy: the concept and its limitations, Ecol Econ, 143,
pp. 37-46.

Ibafiez-Forés, V., Martinez-Sanchez, V., Valls-Val, K., Bovea, M.D., 2022, Sustainability reports as a tool for
measuring and monitoring the transition towards the circular economy of organisations: Proposal of indicators
and metrics, Journal of Environmental Management, 320, p. 115784.

Alonso-Almeida, M.M., Rodriguez-Antén, J.M., 2020, The role of institutional engagement at the macro level in
pushing the circular economy in Spain and its regions, International Journal of Environmental Research and Public
Health, 17(6), Art. no. 2086.

Kalmykova, Y., Sadagopan, M., Rosado, L., 2018, Circular economy — From review of theories and practices to
development of implementation tools, Resources, Conservation and Recycling, 135, pp. 190-201, doi:
10.1016/j.resconrec.2017.10.034.

McCarthy, A., Dellink, R., Bibas, R., 2018, The macroeconomics of the circular economy transition: A critical
review of modelling approaches, OECD Environment Working Papers, No. 130, OECD Publishing, Paris,
http://dx.doi.org/10.1787/af983f9a-en.

Suzanne, E., Absi, N., Borodin, V., 2020, Towards circular economy in production planning: Challenges and
opportunities, European Journal of Operational Research, 287(1), pp. 168-190, doi: 10.1016/j.ejor.2020.04.043.
Vunnava, V.S.G., Singh, S., 2021, Integrated mechanistic engineering models and macroeconomic input-output
approach to model physical economy for evaluating the impact of transition to a circular economy, Energy &
Environmental Science, 14(9), pp. 5017-5034.

Riesener, M., Délle, C., Mattern, C., KreR, J., 2019, Circular economy: Challenges and potentials for the
manufacturing industry by digital transformation, 2019 IEEE International Symposium on Innovation and
Entrepreneurship (TEMS-ISIE), Hangzhou, China, pp. 1-7, doi: 10.1109/TEMS-ISIE46312.2019.9074421.
Chen, L.-j., Li, J., Chen, L.-k., 2010, Evaluating performance of circular economy for manufacturing enterprise
based on the theories of EFA and MFA, 2010 IEEE 17th International Conference on Industrial Engineering and
Engineering Management, Xiamen, China, pp. 515-519, doi: 10.1109/ICIEEM.2010.5646561.

Tikhonov, G.V., 2021, Main approaches to the development of mechanical engineering as an echelon of economic
dynamics, Journal of Physics: Conference Series, 1889(3), p. 032004, I0P Publishing.

Sassanelli, C., Rosa, P., Rocca, R., Terzi, S., 2019, Circular economy performance assessment methods: A
systematic literature review, Journal of Cleaner Production, 229, pp. 440-453.

Haupt, M., Hellweg, S., 2019, Measuring the environmental sustainability of a circular economy, Environmental
and Sustainability Indicators, 1-2, p. 100005, doi: 10.1016/j.indic.2019.100005.

Potting, J., Hekkert, M.P., Worrell, E., Hanemaaijer, A., 2017, Circular economy: measuring innovation in the
product chain, Planbureau voor de Leefomgeving, (2544).

Lépez Ruiz, L.A., Roca Ramon, X., Gass6 Domingo, S., 2020, The circular economy in the construction and
demolition waste sector — A review and an integrative model approach, Journal of Cleaner Production, 248, p.
119238, doi: 10.1016/j.jclepro.2019.119238.

Rizos, V., Behrens, A., Kafyeke, T., Hirschnitz-Garbers, M., loannou, A., 2015, The circular economy: Barriers
and opportunities for SMEs, CEPS Working Documents.

Schulz, C., Hjaltadéttir, R.E., Hild, P., 2019, Practising circles: Studying institutional change and circular
economy practices, Journal of Cleaner Production, 237, p. 117749, doi: 10.1016/j.jclepro.2019.117749.
Gliickler, J., Lenz, R., 2016, How institutions moderate the effectiveness of regional policy: A framework and
research agenda, Investigaciones Regionales-Journal of Regional Research, (36), pp. 255-277.

European Commission, 2014, Directive 2014/95/EU, Meditari Accountancy Research, Available online:
https://doi.org/10.1108/medar-06-2019-0504, (last access: May 22, 2023).

1SO 26000, 2010, International Standard Organization 1ISO 26000:2010, p. 86.

European Commission, 2009, Regulation 1221/2009 on the voluntary participation by organisations in a
community eco-management and audit scheme (EMAS), Official Journal of the European Union.

GRI, 2019, Global report initiative, Available online: https://www.globalreporting.org/, (last access: May 21,
2023).

Kirchherr, J., Piscicelli, L., Bour, R., Kostense-Smit, E., Muller, J., Huibrechtse-Truijens, A., Hekkert, M., 2018,
Barriers to the circular economy: Evidence from the European Union (EU), Ecological Economics, 150, pp. 264-
272, doi: 10.1016/J.ECOLECON.2018.04.028.

Navare, K., Muys, B., Vrancken, K.C., Van Acker, K., 2021, Circular economy monitoring-how to make it apt
for biological cycles?, Resources, Conservation and Recycling, 170, art. no. 105563, (last access: May 24, 2023).
Elia, V., Gnoni, M.G., Tornese, F., 2017, Measuring circular economy strategies through index methods: A critical
analysis, Journal of Cleaner Production, 142, pp. 2741-2751, (last access: May 23, 2023).



108

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

A. POPOVIC, Z. STANKOVIC, A.TODOROVIC

Corona, A, Shen, L., Reike, D., Carredn, J.R., Worrell, E., 2019, Towards sustainable development through the
circular economy-A review and critical assessment on current circularity metrics, Resources, Conservation and
Recycling, 151, art. no. 104498.

Haupt, M., Hellweg, S., 2019, Measuring the environmental sustainability of a circular economy, Environmental
and Sustainability Indicators, 1-2, Sep. 2019.

Garcia-Bernabeu, A., Hilario-Caballero, A., Pla-Santamaria, D., Salas-Molina, F., 2020, A process oriented
MCDM approach to construct a circular economy composite index, Sustainability, 12(2), p. 618.

Eurostat, European Commission, Circular economy: Monitoring framework, Awvailable online:
https://ec.europa.eu/eurostat/web/circular-economy/monitoring-framework, (last access: May 30, 2023).
Milanovi¢, T., 2021, Metodologija primene DEA metode u razvoju kompozitnog indeksa cirkularne ekonomije,
Doktorska disertacija, Fakultet organizacionih nauka, Beograd.

Vercalsteren, A., Christis, M., Van Hoof, V., 2018, Indicators for a circular economy, SUMA Circular Economy
Policy Research Centre, Tech. Rep.

Ohliger, T., 2015, Environment policy: general principles and basic framework, European Parliament, Brussels,
Tech. Rep.

European  Commission, EU  Circular  Economy  Package, Available online:  https://eur-
lex.europa.eu/legalcontent/EN/TXT/?uri=CELEX:52014DC0398R%2801%29, (last access: Jun. 29, 2023).
Moraga, G., Huysveld, S., Mathieux, F., Blengini, G.A., Alaerts, L., Van Acker, K., de Meester, S., Dewulf, J.,
2019, Circular economy indicators: What do they measure?, Resources, Conservation and Recycling, 146, pp.
452-461, Sep. 2019.

Stucki, T., Woerter, M., Loumeau, N., 2023, Clearing the fog: How circular economy transition can be measured
at the company level, Journal of Environmental Management, 326, Part B, p. 116749, Sep. 2023.

Matos, J., Martins, C., Simdes, C.L., Simoes, R., 2023, Comparative analysis of micro level indicators for
evaluating the progress towards a circular economy, Sustainable Production and Consumption, 39, pp. 521-533,
Jun. 2023.

Kristensen, H.S., Mosgaard, M.A., 2020, A review of micro level indicators for a circular economy — moving
away from the three dimensions of sustainability?, Journal of Cleaner Production, 243, p. 118531, Jan. 2020.
"What is Life Cycle Assessment (LCA)?", Sustainability Institute, Rochester Institute of Technology, 2021,
Auvailable online: https:/iwww.rit.edu/sustainabilityinstitute/blog/what-life-cycle-assessment-Ica, (last access:
May 30, 2023).

European Commission - Joint Research Centre - Institute for Environment and Sustainability, 2010, International
Reference Life Cycle Data System (ILCD) Handbook - General guide for Life Cycle Assessment - Detailed
guidance, 1st ed., EUR 24708 EN, Publications Office of the European Union, Luxembourg.

Franklin-Johnson, E., Figge, F., Canning, L., 2016, Resource duration as a managerial indicator for circular
economy performance, J. Clean. Prod. 133, pp. 589-598.

Wen, Z., Meng, X., 2015, Quantitative assessment of industrial symbiosis for the promotion of circular economy:
a case study of the printed circuit boards industry in China's Suzhou New District, J. Clean. Prod., [missing volume
and page numbers].

Voskamp, 1.M., Stremke, S., Spiller, M., Perenboom, D., Wentink, C., Lammeren, R.J.A., 2016, Enhanced
performance of the Eurostat method for comprehensive assessment of urban metabolism: A material flow analysis
of Amsterdam, J. Ind. Ecol. 20, pp. 887-902.

Brunner, P.H., Rechberger, H., 2016, Handbook of Material Flow Analysis: For Environmental, Resource, and
Waste Engineers, Second Edition, CRC Press.

Wen, Z., Li, R., 2010, Materials metabolism analysis of China’s highway traffic system (HTS) for promoting
circular economy, J. Ind. Ecol., 14, pp. 641-649.

Cooper, S.J., Hammond, G.P., Norman, J.B., 2017, Energy and exergy analyses of the UK and Iranian energy
sectors—Two contrasting energy utilisation patterns, Applied Energy, 208, pp. 432-446.

Tisserant, A., Pauliuk, S., Merciai, S., Schmidt, J., Fry, J., Wood, R., Tukker, A., 2017, Solid waste and the circular
economy: a global analysis of waste treatment and waste footprints.

Ng, K.S., Martinez Hernandez, E., 2016, A systematic framework for energetic, environmental and economic
(3E) assessment and design of polygeneration systems, Chem. Eng. Res. Des., 106, pp. 1-25.

dos Santos Gongalves, P.V., Campos, L.M., 2022, A systemic review for measuring circular economy with multi-
criteria methods, Environ. Sci. Pollut. Res., pp. 1-15.

Taherdoost, H., Madanchian, M., 2023, Multi-Criteria Decision Making (MCDM) Methods and Concepts,
Encyclopedia, 3(1), pp. 77-87.

A.B., 2022, MCDM & Fuzzy Logic, LinkedIn, Available online: https://www.linkedin.com/pulse/mcdm-fuzzy-
logic-avinash-b/, (last access: June 01, 2023).



65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

Economic Monitoring of the Circular Transformation as a Challenge for Mechanical Engineering 109

Oliveira, F.R. de, Franga, S.L.B., Rangel, L.A.D., 2018, Challenges and opportunities in a circular economy for a
local productive arrangement of furniture in Brazil, Resour. Conserv. Recycl., 135, pp. 202-209, doi:
10.1016/j.resconrec.2017.10.031.

Ceschin, F., Gaziulusoy, 1., 2016, Evolution of design for sustainability: From product design to design for system
innovations and transitions, Design Studies, 47, pp. 118-163.

Akinade, O.0., Oyedele, L.O., Ajayi, S.O., Bilal, M., Alaka, H.A., Owolabi, H.A., Bello, S.A., Jaiyeoba, B.E.,
Kadiri, K.O., 2017, Design for Deconstruction (DfD): Critical success factors for diverting end-of-life waste from
landfills, Waste Manag., 60, pp. 3-13, doi: 10.1016/j.wasman.2016.08.017.

Favi, C., Germani, M., Luzi, A., Mandolini, M., 2017, A design for EoL approach and metrics to favour closed-
loop scenarios for products, Int. J. Sustain. Eng., 7038(0), doi: 10.1080/19397038.2016.1270369.

Mardani, A., Zavadskas, E.K., Khalifah, Z., Zakuan, N., Jusoh, A., Nor, K.M., Khoshnoudi, M., 2017, A review
of multi-criteria decision-making applications to solve energy management problems: Two decades from 1995 to
2015, Renewable and Sustainable Energy Reviews, 71, pp. 216-256.

Exposito, R.M., Velasco, F., 2018, A DEA Approach to Measure the Quality Efficiency of Public Transportation
Systems, in: Transportation Systems and Engineering: Concepts, Methodologies, Tools, and Applications, pp.
616-635, IGI Global.

Chizaryfard, A., Trucco, P., Nuur, C., 2020, The transformation to a circular economy: Framing an evolutionary
view, Journal of Evolutionary Economics, pp. 1-30.

Henrysson, M., Nuur, C., 2021, The role of institutions in creating circular economy pathways for regional
development, The  Journal of  Environment &  Development,  Available  online:
https://doi.org/10.1177_1070496521991876.

Giezen, M., 2018, Shifting infrastructure landscapes in a circular economy: An institutional work analysis of the
water and energy sector, Sustainability, 10(10), 3487, doi: 10.3390/su10103487.

Geissdoerfer, M., Savaget, P., Bocken, N.M.P., Hultink, E.J., 2017, The circular economy — A new sustainability
paradigm?, Journal of Cleaner Production, 143, 757-768, doi: 10.1016/J.JCLEPRO.2016.12.048.

North, D.C., 1990, Institutions, institutional change and economic performance, Cambridge, UK: Cambridge
University Press.

European Commission, 2021, Circular Economy Action Plan, European Environment Agency, Available online:
https://environment.ec.europa.eu/strategy/circular-economy-action-plan_en, (last access: June 10, 2023).



