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Abstract

The main purpose of the research is to rank EU member states by the intensity of their
efforts to implement the CE model. Understanding EU member states’ differences is crucial
to formulating effective policy measures that foster sustainable development and enhance
economic resilience across the EU. The degree of CE development was examined through
three sub-indicators: (i) private investment related to CE sectors; (ii) persons employed
in CE sectors; and (iii) gross value added as a percentage of GDP. Data from the Eurostat
database for the last five available years were used. Hierarchical agglomerative cluster
analysis is used to identify groups of structurally similar countries. Countries are ranked
using the PROMETHEE II multi-criteria decision-making method with objectively derived
CRITIC weights, complemented by GAIA visualisation. The analysis identifies five distinct
clusters with a highly heterogeneous CE landscape across the EU. The PROMETHEE-GAIA
research results reveal two different paths on which European countries are moving towards
CE. The first, characterized by high structural maturity but limited dynamic flexibility, is
evident in Sweden and Belgium. And the second path, illustrated by Estonia and Croatia, is
distinguished by a rapid pace of transformation and lower historical structural capacities.

Keywords: circular economy; MCDM; cluster; green jobs; private investment; gross value
added; R&D

1. Introduction
Growing environmental problems necessitate more rational use of available resources

and the development of innovative solutions to achieve sustainability. In recent years,
there has been growing concern about rapid climate change and loss of biodiversity. These
phenomena are closely related to the development of business activities and the degradation
of natural resources, land, and ecosystems. Soil, air, and water pollution are directly related
to the use of outdated technology and equipment, low energy efficiency, and insufficient
investment in the maintenance and replacement of resources. To encourage the transition to
a sustainable economy and to solve major environmental and social challenges, multi-level
efforts are necessary. The aim is to have a modern economic system based on environmental
protection, which encourages economic entities and policymakers to look beyond economic
efficiency and prioritize more efficient resource use.

Given the need to balance economic growth with the conservation of natural re-
sources [1], sustainable development is a globally important solution. The concept of
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sustainable development, which includes not only the economic but also the social and
environmental dimensions, has begun to attract increasing attention. It is important to
integrate environmental resilience, economic growth, and social inclusion to protect the
interests of the present and ensure the well-being of future generations [2].

The first steps are being taken toward sustainable development, and the concept of
the circular economy (CE) has emerged as an effective instrument in this transition. The
concept of CE, which appeared in the 1960s, was developed as a viable alternative to the
linear model and is increasingly accepted by scientists and practitioners [3]. It is based on
the principle of “take–use–reuse”, which aims to extend the life of products and use waste
as a useful resource. The goal is to reduce the negative environmental impact of production
and consumption. The application of the CE concept contributes to the structural changes
needed to implement sustainability initiatives [4].

The linear economic system, which remains dominant, extracts resources from the
environment and disposes of them after processing and use [5], while CE asks how primary
resources can be replaced with recycled materials or components that can be reused [6].

The transition to a CE means accepting major changes in production and consumption
systems and investing significant effort in innovation activities, technological, organiza-
tional, and systemic [7]. CE is expected to bring numerous benefits, both environmental
and economic. CE represents an innovative economy that includes greater technological
development, better materials, a new workforce, energy efficiency, etc. [8]. Job creation
and employment should be a very important social and economic contribution [9]. As the
macroeconomic impact of the new economic model can be very significant, it is gaining
popularity among business leaders and policymakers.

However, according to European Union data, only 7.2% of the global economy is
circular [10], so policymakers are working intensively to provide a solid basis for this shift.
The European Commission adopted the first European Union CE Action Plan in December
2015 [11], which sets priorities for sustainable economic development. The continuation of
this path is the adoption of the European Green Deal in 2019, which represents a guideline
for the EU to become a “modern, resource-efficient and competitive economy” [12]. The aim
of the EU’s transition to a CE is to reduce pressure on natural resources, create sustainable
growth and jobs, achieve climate neutrality, and halt biodiversity loss, in line with the
Green Deal [13]. A year later, a new CE action plan was adopted [14]. The new action plan
aims to embrace circular practices throughout the entire product life cycle—from the way
products are designed to ensuring that waste is prevented after use.

Furthermore, the Circular Economy Act is expected to be adopted in 2026 [15], build-
ing on the second CE Action Plan. As the EU’s dependence on imports of strategic resources
is significant, the Act, which puts resource scarcity, growing waste, and global competitive-
ness at the forefront, will help transform current environmental challenges into strategic
opportunities [15]. The CE implies less use of natural resources and reduced dependence
on imports, but also an opportunity to increase competitiveness, create new jobs, and
generate business opportunities [16]. The Circular Economy Act will be an instrument of
competitiveness, unlike previous action plans that were part of environmental protection
policy. This law emphasizes the role of the CE in combating the challenges of economic
security, the ecological crisis, and industrial competitiveness [15]. The successful imple-
mentation of the CE in the European Union (EU) depends on effective, harmonized policies
among member states.

Since the CE can be applied across many areas and should affect the environment,
economy, and society, these impacts need to be monitored and measured. It is important
to record the impacts achieved at both the micro and macro levels, a task that can be
challenging. The degree of development and diversity in the application of the CE can
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be seen in the movement of the basic indicators measuring its success. With the Action
Plan for the CE from 2015 [11], the European Commission established a framework for
systematic monitoring of results and progress in this area. Since then, this plan has been
a basic instrument for analyzing and comparing the performance of member states. By
further improving the methodology, the EU introduced new indicators covering the priority
areas of the CE, in accordance with the goals of the 2020 Action Plan [13].

The volume of literature that follows the progress of the CE is growing. In their
research paper [17], the authors use clustering methods to rank EU countries by CE devel-
opment levels. Refs. [18,19] apply the multi-criteria methodology and composite indicators
to get national rankings. Although there are papers that address the ranking of EU coun-
tries based on achieved CE performance, gaps remain. Unlike existing research, this paper
presents an integrated approach combining cluster analysis and MCDM. The applied
methodology first categorizes EU countries into clusters, then applies MCDM to rank
them within each cluster, thereby ensuring greater comparability. In this way, the paper
presents an innovative approach to ranking the circularity of EU countries using selected
indicators: (i) private investment related to CE sectors; (ii) persons employed in CE sectors;
and (iii) gross value added as a percentage of GDP. The advantages of the PROMETHEE
method in the context of circular economy indicators are reflected in its flexibility and
its ability to handle preference functions and indifference thresholds. A large number of
papers do not account for the heterogeneity among the countries included in the analysis.
Also, most of the existing literature relies on isolated environmental indicators to monitor
progress; however, there remains a gap in comparing socio-economic performance across
EU countries, which this paper seeks to fill using the selected indicators.

Based on the above, the research aims to analyze and compare various aspects of CE
implementation across EU countries using PROMETHEE and the cluster approach. The
focus of the research was the classification of EU countries by the degree of progress in
implementing the CE concept. The analysis is based on the CE indicators proposed by the
European Commission and covers all EU member states.

In line with the main objective, this paper starts from the following questions:

1. How can EU countries be grouped according to their performance in certain segments
of the CE?

2. Which countries are dominant and show leadership characteristics within the
identified clusters?

The structure of the article is as follows: after the introduction, Section 2 provides
an overview of the literature review and empirical background. Section 3 describes the
materials and methods used in this research paper. Section 4 presents clustering and
MCDM ranking results. Section 5 presents the research results, while Section 6 highlights
the conclusions and implications for future research.

2. Literature Review
The development of the CE in EU member states can be viewed through the lens of

the institutional and economic context, taking into account the ecological modernisation
approach, which emphasises the possibility of harmonising economic development and
environmental protection through technological and institutional changes [20]. In this
paper, the focus is on three indicators: private investments in sectors of the CE, the number
of employees in those sectors, and the gross value added they generate. This enables an
assessment of the dynamics and economic importance of the CE sector and sets the basis
for further analysis in the next part of the research.

The CE should primarily bring environmental benefits to systems that are ready
for this transition (reductions in greenhouse gas emissions, raw material consumption,
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and waste) [21]. Investments in the sustainable economy sector and employment of the
workforce in secondary raw materials are key drivers of CE principle adoption.

But in addition to environmental benefits, the transition to a new economic system
is also seen as an opportunity to achieve economic gains. The goal is to answer, from a
macro-level perspective, how selected indicators contribute to national competitiveness.
The mentioned indicators were chosen to compare the economic effects of the transition, not
only the environmental ones. Private investments provide the capital needed to implement
new technologies and circular business models. Monitoring gross value added helps in
understanding the contribution of the transition to the CE to the competitiveness of national
economies. At the same time, the employment indicator contributes to understanding its
socio-economic effects.

The CE could be a significant driver of job creation and economic growth [22]. The
CE seeks to change the traditional use of resources to improve environmental and social
performance through reduced resource consumption and improved waste management,
and to achieve a positive impact on financial performance [23]. Thus, higher economic
growth is expected through a combination of increased revenues from circular activities
and lower production costs resulting from more efficient, productive use of resources [8,24].

Numerous studies in the literature [25,26] have examined the impact of the CE or its
indicators on economic growth. The results indicate interdependence, and most studies
confirm that CE indicators affect economic growth. The transition to a CE, with effects such
as reduced resource extraction and waste minimization, is expected to bring potentially
significant positive consequences for economic growth or overall employment, or at least
not to produce negative effects [22]. Such effects can be expected at the level of the overall
economy [27], but this does not necessarily mean that the CE will produce positive effects in
all its parts; some countries, sectors, or areas may benefit more than others [22]. These differ-
ent effects indicate that the implementation of CE practices may not be equally successful in
all EU countries. Some researchers [28] indicate that the development of circular business in
the EU member states is closely linked to the degree of digitalisation and the level of invest-
ment in research and innovation [29]. However, the successful implementation of circular
business models depends not only on technological factors but also on the institutional and
social capacities that enable their effective implementation. Some researchers [30] found
that Northern and Western Europe, led by Germany and Sweden, show a high level of
circular economy deployment, supported by strong innovation ecosystems. In contrast, the
Eastern and Southern regions face structural problems, including weak institutions and
limited R&D activity. Additionally, results from selected EU case studies conducted by
some authors [31] show that obstacles to CE implementation vary with countries’ levels of
development. In Romania, the main problems are inadequate investment, limited access
to modern technologies, low public involvement in pro-environmental actions, and insuf-
ficient infrastructure and resources. In Poland, challenges related to regional disparities
and slower policy implementation are more pronounced, while the Netherlands faces
challenges in improving efficiency and further system development. According to [32], the
main challenges in implementing the circular economy in the EU are cultural barriers, in-
cluding low consumer interest and awareness, as well as caution in business culture. These
barriers are also influenced by market barriers, which arise from insufficiently coordinated
state interventions needed to accelerate the transition to circular models. Although these
findings are based on a limited number of cases, they point to differences between less
developed and developed member states.

In the study [26], it was shown that environmental efficiency indicators, such as effi-
cient use of materials and recycling, positively affect GDP growth in EU countries. These
findings support the theory that economies that optimize resource use and reduce waste
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through recycling can simultaneously achieve economic growth and improve environ-
mental sustainability. Similar results were confirmed by [33], which noted that innovative
approaches to environmental efficiency, including the use of secondary raw materials and
improvements in technological processes, contribute to increased GDP. Some authors [34]
investigated the connection between GDP and the application of circular practices, such as
waste recycling and the use of renewable materials. Their analysis shows that eco-efficiency
not only reduces pressure on natural resources and environmental burdens but also sup-
ports economic growth, confirming the mutual benefits of circular innovation for the
economy and the environment. Using panel data from the EU Monitoring Framework and
the World Bank database covering the 27 EU countries from 2000 to 2021, some authors [35]
have examined the impact of CE indicators on GDP per capita. Based on the correlation
results, the research indicated a strong positive relationship between CE development and
GDP per capita.

Monitoring the gross value added as a percentage of GDP generated by CE sectors
helps to understand the economic transition to a new model, as well as the long-term
economic impact and growth potential of the CE sector. A higher gross value added
indicates that CE sectors contribute significantly to GDP, that the economy is more oriented
towards sustainability, and that circular practices are more integrated into the economic
structure [36]. Based on gross value added, policymakers can assess the extent to which the
transition to CE contributes to economic development and resilience [37].

Private investment and gross value added in CE sectors encourage innovation and
the development of the infrastructure necessary to implement circular practices. Although
private investment and gross value added in sectors related to the CE (recycling, repair and
reuse, rental and leasing) grew by 36% and 15% in real terms between 2010 and 2023, it is
estimated that there are significantly higher investment needs to implement the transition
to a CE in the EU successfully [38].

Private investment in sectors linked to the CE is known to be a key driver of its
implementation, financing recycling processes, eco-design, the adoption of renewable
energy sources, energy accessibility, and waste reduction [39]. It is necessary to analyze
private investments in CE sectors better to understand their importance for the transition
to CE models. Greater investments should result in more circular products, services, and
jobs [37]. Countries characterized by greater economic complexity are notable for having
greater investments in eco-innovation, which in turn enhances their capacity to implement
circular practices [40,41].

Some authors [42] have found that private investments in circular technologies and in
improving resource productivity are key factors with positive and significant effects on the
growth and development of gross value added in the environmental goods and services
(EGSS) sector. According to the European Environment Agency [38], private capital in-
vested in CE infrastructure has grown steadily in recent years, leading to a positive trend in
gross value added in the EGSS sector. Empirical findings show that investments in circular
technologies significantly improve productivity and generate additional economic value
across related sectors of the economy [43]. Some researchers [44] used panel regression
(OLS with robust errors) on a sample of 27 EU countries over the period 2010–2022 to
examine the determinants of the use of circular materials. They concluded that there is
a positive, moderate relationship between the level of private investment and the use of
circular materials, with Germany and France making rapid progress in adopting the CE.

In addition, new investments in more efficient processes, whether from public spend-
ing or private savings, can spur job creation, leading to higher aggregate incomes, additional
consumption, and higher aggregate output [22]. The CE has great potential for job creation,
due to the need for new professions, the so-called “circular” or “green jobs”. Green jobs are
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activities aimed at measuring, preventing, limiting, minimizing, or correcting ecological
problems [45]. While green jobs encompass a wide range of jobs that contribute to environ-
mental protection, circular jobs include all occupations that directly or indirectly support
the CE [46]. Direct circular jobs include activities that close material cycles, such as repair,
renewable energy, and waste management, while jobs that support these processes include
education, design, leasing, and digital technologies. Indirect circular jobs are found in
sectors that do not directly participate in circular activities but support the implementation
of CE strategies, for example, in logistics, information services, and the public sector [46].
Eurostat’s indicator—persons employed in CE sectors tracks employment in these sectors
(% of total employment and as full-time equivalent—FTE), providing quantitative insight
into the CE and clearly distinguishing these jobs from the broader category of green jobs.
According to some authors [47], circular jobs are measured by the number of full-time
equivalent (FTE) employees and by their share of total employment in the recycling, repair,
reuse, and rental sectors.

Based on an analysis of a sample of 10,392 EU28 companies that implemented at least
one CE-related activity, some authors [48] found that CE-focused actions, energy efficiency,
and waste reduction are positively correlated with employment in the green economy. At
the same time, it was found that material reuse and redesign practices are particularly
significant, as they contribute not only to a higher likelihood of green employment but also
to an increase in the total number of green jobs [48]. Using multilevel logistic regression,
some authors [49] (p. 69) have found that companies that implement resource-efficiency
actions are more likely to employ workers in green jobs.

The activities promoted by the CE (repair, regeneration and recycling) are often more
labor-intensive than linear processes [9], which results in the creation of new jobs that
also require new skills [50], such as technical repair skills, knowledge of materials, re-
verse logistics management, etc. Green business sectors require workers to acquire new
skills and actively participate in the constant development and adaptation of companies.
These changes are happening rapidly and bring numerous challenges. If employees are not
adequately trained or their competencies do not align with market needs, their efficiency de-
clines, leading to reduced productivity and a slowdown in organizational development [51].
The CE can create local jobs at different skill levels, thereby increasing opportunities for
social integration and cohesion [11]. In addition to the impact of this transition on the
creation of new jobs in industries directly related to the CE, such as recycling, repair, and
remanufacturing, there is also a need for labor in related areas, such as sustainability
consulting services [52]. To successfully transition from a linear to a CE, which also entails
reallocating workers from linear to circular sectors, an adequate approach to acquiring new
skills and implementing related policy measures is needed [9].

The CE Action Plan estimates that 700,000 new jobs will be created between 2015 and
2030 through new activities, and that over 420,000 jobs have already been created between
2015 and 2021 [53]. Countries that are more advanced in implementing circular policies have
seen an increase in employment, especially among small and medium-sized enterprises [42].

Employment in sectors such as waste management, recycling, and resource recovery
in the EU is a significant indicator of the practical application of CE principles [54]. The
number of people employed in these areas not only illuminates the extent to which circular
practices are integrated into the economy but also indicates the potential for job creation
and workforce skill development. At the same time, this indicator reflects the economy’s
transition from linear to circular models, in which priorities focus on the efficient use of
resources, recycling, and the sustainable management of materials [54].

The Eurobarometer survey [55] focusing on small and medium-sized enterprises in
Europe examined, among other issues, how many of these enterprises employ people in
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green jobs. A “green job” is defined in the survey as a job “directly dealing with infor-
mation, technologies or materials that preserve or restore the quality of the environment”
and generally requires specialized skills, knowledge, or experience. The data show that
fewer than four in ten small and medium-sized enterprises have employees working in
green jobs [55].

As [56] argues, the transition to a CE can change the labor market, both through the
creation of new jobs and through job displacement, closures, or redefinition. Although some
jobs in traditional industries may disappear, the CE creates new opportunities through roles
that are often more localized and less susceptible to automation. This primarily refers to jobs
in areas such as waste management, recycling, regeneration, repair services, and circular
design [57]. The European Commission and the Directorate-General for Environment
also indicate that negative effects are likely in certain sectors (e.g., construction, consumer
electronics, and agriculture), which is why CE policies should be implemented alongside
other appropriate policies to ensure social acceptability [58]. The new conditions lay the
groundwork for retraining and upskilling the workforce, so that job losses in resource-
intensive industries can be offset by employment in circular activities [59].

Also, for a successful transition to a CE, sustainable innovations that lead to both
environmental and economic growth play a significant role [60–62]. The CE encourages
research and innovation activities in all economic sectors [21]. Research and development
(R&D) activities play a crucial role in transforming economic policies towards greater
efficiency and establishing a model based on the principles of the CE [63] (p. 412). R&D and
technological progress are crucial to achieving a green economy [64]. In the context of a CE,
R&D activities include generating scientific knowledge on energy-efficient processes for en-
ergy production, distribution, and consumption, as well as protecting the environment [65].
Green R&D plays a key role in transforming traditional socio-technical systems—often
characterised by insufficient environmental awareness into models driven by the values of
environmental and social responsibility [66]. According to [67], environmental regulations
stimulate innovation, which results in increased competitiveness and economic growth.
Technological innovations in key areas of the CE, such as recycling and secondary raw
materials, are a significant factor in both the development of the CE and the increase in the
gross added value generated by CE sectors.

Interaction Between Private Investment Related to CE Sectors, Persons Employed in CE Sectors,
and Gross Value Added

The transition to a CE entails profound structural changes in economic systems,
accompanied by shifts in various economic indicators. Private investment and gross value
added in CE sectors demonstrate their economic importance, highlighting the key role of
attracting private capital in the expansion and establishment of the CE [68]. Investments
in innovative technologies, infrastructure, and skills development not only improve the
sector’s productivity but also open up new employment opportunities, creating a virtuous
circle between economic performance and labour development.

Some authors [36] analysed the development of CE indicators in EU countries, with
a particular focus on private investment, gross value added, and employment. Their
research shows that countries with more developed CE systems tend to record higher
levels of private investment, gross value added, and employment in the recycling and
secondary raw materials sectors, indicating a strong structural link among these indica-
tors. Some researchers [69], in a quantitative analysis of 28 EU member states, found a
negative relationship between private investments in the CE and GDP growth during that
period. This is mainly due to difficulties in attracting private investment, stemming from
unfavourable economic and political conditions that reduce investment efficiency and limit
their contribution to overall economic activity.
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Ref. [70] has found a negative effect of unemployment on investment in a CE in
the short and long run, while GDP per capita negatively influenced private investment.
Findings from [71] show that private investment and gross value added grow faster than
employment, indicating that although investment stimulates economic activity, job growth
in the recycling and waste management sectors may be slower due to technological im-
provements and higher productivity. Ref. [44] indicates that countries that invest more
private funds in CE activities also have a higher level of implementation of circular mate-
rial flows. This economic dynamic is associated with both better economic performance
and greater employment potential in resource-efficient sectors. Some empirical research
results [72] indicate that higher private investment and gross value added growth in CE
sectors are associated with lower unemployment rates in European countries. This sug-
gests that investment in circular activities can play an important role in strengthening the
labor market.

Technological innovations, which are key to improving circular processes (e.g., ad-
vanced recycling technologies and automation), can reduce the need for labour in certain
activities. Technological revolutions are historically associated with the replacement of
existing jobs and skills, which is often described as technological unemployment [73].
Automation, which involves using modern technology to perform tasks with minimal
human intervention, is increasingly linked to the development of a circular economy, which
aims to reduce resource use. With advances in machine capabilities and algorithms, human
labor is being replaced in specific tasks, especially in production, transportation, and data
processing. These processes can lead to a decrease in the need for labor and an increase in
unemployment, but at the same time, they contribute to more efficient resource use.

In addition to the positive effects of the CE on employment, the literature also indicates
opposing effects of technological development on the labour market in this sector. Recent
empirical research [74], covering 18 countries with the highest robot adoption between
2006 and 2019, shows that increased use of industrial robots in sectors related to the
circular economy can significantly reduce employment opportunities, affecting both male
and female workers. At the same time, the adoption of robots has a positive effect on
wages, indicating that technological investments increase labor productivity but reduce the
demand for human labor in circular economy activities. Some researchers [75] argue that
technologies related to renewable energy, as well as sectors such as recycling and energy and
resource efficiency, have greater positive effects on employment. In contrast, technologies
at the end of the production chain often reduce the number of jobs, as automation and the
intensive use of advanced technologies replace human labour. Ref. [76] points out that
automation, technological progress, and improved material recyclability may reduce the
expected labor intensity of recycling activities. Ref. [77] highlighted that although circular
activities such as recycling, repair, and reuse are typically labour-intensive, the introduction
of automation and digital technologies can reduce labour intensity in these activities.

All mentioned contradictions indicate that simply ranking countries based on individ-
ual indicators can be unreliable. Therefore, to capture the multidimensional and sometimes
conflicting relationships among private investments, employment, and contributions to
GDP in CE sectors, it is necessary to use advanced multi-criteria decision-making methods,
such as the PROMETHEE method.

3. Materials and Methods
Monitoring progress through appropriate performance indicators is a challenging task,

almost as complex as achieving the full implementation of CE principles in different coun-
tries. In accordance with the claims in [78], research on indicators and metrics for measuring
the degree of implementation of CE strategies remains in a relatively early stage of develop-
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ment. Circularity indicators are a key tool for monitoring progress in the transition to a CE
model, as they encourage different actors at all levels to start implementing it [79]. Their
application in assessing circularity performance is essential for improving the model and
evaluating its practical feasibility [80]. The lack of standardized indicators for measuring
progress in circularity leads to contradictions and misunderstandings, making it difficult to
implement CE strategies. At the same time, the absence of a single indicator framework
hinders the consistent application and improvement of circular practices across countries,
companies, and products [81]. The indicators proposed by the European Commission aim
to assess and monitor progress in implementing CE strategies, as defined in the 2015 EU
CE Action Plan [82]. These indicators measure four key areas related to the different phases
of the CE, such as: (a) production and consumption, (b) waste management, (c) secondary
raw materials, and (d) competitiveness and innovation.

The analysis utilised data from EU Member States based on three performance indica-
tors from the last available five-years average values in EUROSTAT database denoted as P1,
P2, and P3, representing structural, dynamic, and performance dimensions of governance
quality: Private investment and gross added value related to CE sectors (P1) [83], Persons
employed in CE sectors (P2) [84] and Gross value added in percentage of GDP at current
prices (P3) [85]. These indicators form a composite representation of systemic capacity in
the European governance landscape. The selection of P1–P3 is theoretically grounded in
capturing complementary dimensions (structural, dynamic, performance) of CE systems,
ensuring parsimony while avoiding multicollinearity and redundancy inherent in broader
EU indicator sets. Additional indicators, such as circular material use rate and waste
generation, were excluded due to their high correlation with P3 and limited cross-country
comparability, which could distort clustering stability. The focus is on explanatory clarity
rather than indicator proliferation. A key limitation of this study concerns the availability
of data for certain countries during the five years analyzed. In cases where complete
observations were not available for specific years, the earliest year in the period with a full
set of data was used as the relevant year. The earliest complete observation was used only
for countries with missing recent data, ensuring consistency without relying on imputation.
This approach is conservative and may slightly understate recent improvements in the
dynamic indicator (P2), as it does not fully capture the latest growth trends. However,
this does not significantly affect the results. The analysis is based on relative comparisons
within clusters, rather than absolute values, and the differences between countries remain
sufficiently pronounced. Moreover, robustness and sensitivity checks confirm the stability
of both cluster composition and PROMETHEE rankings. Such inconsistencies often arise
due to differences in administrative practices, statistical processing procedures, and delays
in data dissemination by national statistical offices. Moreover, variations in calculation
methodologies, interpolation techniques, and subsequent harmonization with international
reporting standards must be considered when conducting such analyses. These issues
were carefully taken into account in the present study. Before implementing multivariate
or multi-criteria methods, all variables were standardised to ensure comparability and
to remove scale-related distortions. Therefore, Visual PROMETHEE (Preference Ranking
Organization Method for Enrichment Evaluations) Academic has been used to rank coun-
tries within clusters, accounting for the V-shaped preference function with an indifference
threshold [86]. The values of the thresholds q (indifference) and p (preference) used for each
indicator, where q (indifference threshold) represents the maximum difference considered
negligible between two alternatives (0.25σ for each indicator), and p (preference threshold)
represents the minimum difference at which strict preference is established (0.75σ for each
indicator). Sensitivity analysis was conducted using alternative threshold specifications for
both the indifference (q) and preference (p) parameters. The results show only marginal

https://doi.org/10.3390/su18083716

https://doi.org/10.3390/su18083716


Sustainability 2026, 18, 3716 10 of 29

variations in ranks, primarily involving adjacent positions, while the overall hierarchy of
countries and leading performers within each cluster remains unchanged. This indicates
that the preference structure is stable and not sensitive to specific threshold choices. Impor-
tantly, no systematic shifts or reversals were observed, confirming that the PROMETHEE
outcomes are driven by the underlying data structure rather than by parameter calibration.
Consequently, the selected threshold values provide a reliable and robust representation
of decision-maker preferences without introducing asymmetry. The main purpose of the
presented research is not merely to display the relative positions of EU countries, but to
identify statistically coherent groups of countries with similar multidimensional CE profiles,
and then to compare countries within homogeneous groups rather than across the full
heterogeneous sample. This is precisely why clustering is needed. The three indicators
were selected due to their established relevance in assessing cross-country institutional
performance. Structural indicators (P1 and P3) reflect stable institutional attributes with
low short-term variability, whereas the dynamic indicator (P2) captures transformation
and adaptability, both of which are crucial for evaluating modern governance systems. The
inclusion of both structural and dynamic dimensions ensures a multi-faceted, theoretically
grounded evaluation framework [87]. Even with only three indicators, the sample remains
highly heterogeneous. The research explicitly states that EU countries differ substantially
in structural, dynamic, and performance-related dimensions, and that this heterogeneity
can distort direct comparison across the whole sample.

The methodological framework applied in this study (Figure 1) follows the hierarchical
agglomerative clustering procedure consistent with established SPSS 26.0 standards. To
group EU countries into internally homogeneous clusters, Agglomerative Hierarchical
Clustering (AHC) was applied using the Ward’s minimum variance method and Euclidean
distance as the dissimilarity measure. Although the study uses three indicators, cluster-
ing remains necessary because the objective is not merely visual inspection of country
positions, but the identification of statistically coherent groups of countries with similar
multidimensional CE profiles. This grouping reduces heterogeneity in the full EU sam-
ple and provides a more appropriate basis for subsequent within-cluster PROMETHEE
comparisons. Ward’s method was selected for its ability to generate compact, spherical
clusters and its frequent use in governance, economic, and social science research, where
homogeneity within groups is analytically important [17]. The hierarchical clustering
procedure begins by treating each country as a separate cluster, then iteratively merging
pairs of clusters to minimise the total within-cluster sum of squares. Ward’s method was
selected as the linkage criterion due to its capacity to minimise within-cluster variance
while maximising between-cluster separation. This method is particularly suitable for
socio-economic datasets involving structurally correlated indicators, as it ensures coherent
grouping based on collective multidimensional similarity. Euclidean distance served as the
dissimilarity measure, enabling the calculation of squared distances, which are frequently
employed in policy-oriented comparative studies [88]. Hierarchical clustering with Ward’s
method and Euclidean distance not only captures proximity but also minimizes within-
cluster variance and maximizes between-cluster separation, thereby producing compact
and interpretable groups. In the manuscript, the five-cluster solution was not chosen based
on visual inspection alone, but rather on the agglomeration process and validation tests.
Moreover, ANOVA confirms that all three indicators differ significantly across clusters,
while Levene’s test indicates acceptable homogeneity of variance. This means the groups
are not merely visual impressions, but statistically meaningful partitions.
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Figure 1. Methodological framework applied.

The analytical process consisted of several key steps. First, three indicators (P1, P2,
P3) representing structural, performance, and efficiency dimensions were extracted for
27 EU member states. Second, the agglomeration schedule was computed, documenting
the sequential merging of clusters and enabling the identification of structural jumps that
typically guide decisions on cluster retention. Finally, cluster validation was conducted
using ANOVA and Levene’s tests, which confirmed that inter-cluster variance was statisti-
cally significant and that the assumptions of homogeneity were met. Together, these steps
constitute a rigorous clustering methodology aligned with best practices in quantitative
comparative research.

A five-cluster solution was selected based on interpretability criteria, dendrogram in-
spection, and the need to preserve meaningful regional patterns observed in EU governance
literature. Clusters represent coherent country groups with shared structural and dynamic
characteristics, thereby providing an appropriate foundation for subsequent PROMETHEE
and GAIA analyses, which were performed separately within each cluster to minimise
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preference distortion caused by extreme outliers [89]. The CRITIC method was employed to
derive objective weights for the three indicators. CRITIC assigns higher weights to criteria
that simultaneously exhibit high variability (dispersion) and low redundancy (correlation)
with other criteria, capturing the intrinsic informational contribution of each indicator [90].

The integration of PROMETHEE II with the CRITIC weighting method provides a
robust multi-criteria decision-making framework suitable for evaluating the relative perfor-
mance of EU member states across complex structural, performance, and transformation-
related indicators [91]. The CRITIC procedure is particularly appropriate in this analysis, as
it derives criterion weights intrinsically from the statistical properties of the data, avoiding
subjective or politically influenced weighting schemes. Given the asymmetry in variance
and the relatively high intercorrelation between several indicators, especially between struc-
tural variables (P1, P3), the CRITIC method assigns a disproportionately higher weight to
the dynamic indicator P2, reflecting both its informational independence and its substan-
tive role in capturing the contemporary transformation capacity of European governance
systems. The elevated weight assigned to P2 is not based on an a priori normative prefer-
ence, but arises endogenously from the CRITIC method, driven by its higher variance and
informational contribution. Additionally, a supplementary analysis using equal weighting
yields consistent ranking patterns, demonstrating that the results are not methodologically
inconsistent with the weighting scheme. Rather, they reflect inherent multidimensional
differences among countries, with P2 serving as the primary discriminator of transition
dynamics. PROMETHEE subsequently transforms these weighted indicators into pairwise
preference flows, enabling the identification of internal hierarchies within each previously
identified cluster of states. The process is complemented by GAIA, a geometric represen-
tation of the decision problem, which provides a reduced-dimensionality view of how
alternatives relate to each criterion and to the aggregated preference structure embodied in
the decision axis. Whereas PROMETHEE provides numerical rankings, GAIA provides
conceptual insight into the structural alignment of countries, revealing whether the rel-
ative advantages of each state stem from dynamic reform capacity, structural quality, or
balanced profiles.

4. Results
The results should be understood as reflecting the dynamics of the circular economy

transition, rather than the absolute level of its structural maturity. In this context, the
analysis captures the intensity, direction, and responsiveness of change processes, especially
through the dynamic indicator, rather than the total level of development achieved over
time. As a result, higher rankings indicate a stronger capacity for transformation and
momentum, not necessarily a more advanced or fully developed circular economy system.
This distinction is crucial for accurately interpreting the findings, as it separates short- to
medium-term adaptability and policy effectiveness from long-term structural maturity. The
results of this analysis are divided into two parts. The first part presents the cluster analysis,
which aims to provide insight into the similarities and differences among the analyzed
countries and to identify their mutual relationships based on the selected indicators. In
the second part, countries are ranked within each cluster to assess the extent to which
specific countries are dominant and exhibit leadership characteristics within the existing
configuration. Countries are grouped into the same cluster because they exhibit similar
profiles across the three CE indicators observed, not because they necessarily share the same
historical or political background. Broader institutional or developmental explanations are
used only as contextual interpretation after the statistical grouping is established.
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4.1. Clustering Results

The hierarchical cluster analysis produced a five-cluster configuration that captures a
highly stratified landscape of structural, dynamic, and performance-related characteristics
among EU member states [92]. Namely, the agglomeration schedule obtained from Ward’s
hierarchical clustering procedure reveals a pronounced increase in the fusion coefficient
between stages 23 and 24. The agglomeration coefficient increases from 0.020669 to 0.032092,
representing the first substantial jump in cluster heterogeneity (Table 1). According to
standard hierarchical clustering diagnostics, the optimal number of clusters corresponds to
the stage immediately preceding this increase. Consequently, the five-cluster solution was
retained as the most appropriate representation of the EU countries based on the circular
economy indicators.

Table 1. Agglomeration schedule.

Stage Agglomeration Coefficient ∆ Coefficient

17 0.008819 0.000097
18 0.010100 0.001281
19 0.012266 0.002166
20 0.015642 0.003376
21 0.016325 0.000683
22 0.020651 0.004326
23 0.020669 0.000018
24 0.032092 0.011424
25 0.043471 0.011379
26 0.060388 0.016916

This configuration is statistically validated through robust ANOVA and homogeneity
tests, but its deeper significance emerges when interpreted in light of the broader polit-
ical and economic trajectories of European states. The clusters map onto recognisable
developmental paths, institutional models, and strategic orientations that distinguish the
EU’s contemporary governance architecture [93]. The descriptive statistics (Table 2) repre-
sent substantial heterogeneity across the five clusters, demonstrating that the hierarchical
model successfully partitions EU member states into structurally coherent groups. Cluster
1, composed primarily of Baltic states and Croatia, exhibits the highest mean P2 value
(0.044), confirming its profile as the most dynamically adaptive and innovation-oriented
cluster. Its comparatively elevated P1 and P3 values further support the notion of a flexible
institutional environment that supports rapid structural change. Cluster 2, containing
only Ireland, stands out with extraordinarily high P1 (0.039) and P3 (0.034) values. This
single-unit cluster reflects a structurally exceptional configuration, characterised by a high
degree of openness, foreign investment intensity, and capacity for institutional absorp-
tion. Its isolation is consistent with well-established evidence of Ireland’s atypical growth
model within the EU. Cluster 3, consisting solely of Malta, suggests balanced institutional,
performance, and efficiency capabilities. Its statistical profile confirms Malta’s unique
developmental position as a microstate with high levels of systemic agility [94]. The
single-country clusters are especially important to explain. For Ireland, the reason for
isolation is empirical and straightforward because it has extraordinarily high P1 and P3
values relative to the rest of the sample. The research already notes that Ireland stands out
because of its unusually strong private investment-to-gross value added profile and its
high gross value added share, which makes it sufficiently dissimilar to all other countries
that Ward’s method leaves it as a singleton. So Ireland is “special” not in a vague political
sense, but because its CE sector profile is structurally exceptional in the observed data.
For Malta, the pattern is different. Malta is not isolated because of a single extreme value,
as in Ireland, but because it presents a more balanced yet still distinctive combination
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across all three indicators. The cluster analysis characterizes Malta as a case of balanced
institutional, performance, and efficiency capabilities. Methodologically, this means Malta
does not fit neatly into the dynamic profile of Cluster 1, the structurally exceptional profile
of Ireland, the low-dynamic profile of Cluster 4, or the modal mid-range profile of Cluster
5. Its uniqueness lies in the specific combination, not just the magnitude, of P1, P2, and
P3. In contrast, Cluster 4 comprises more mature Western and Northern EU states that
exhibit moderate P1 and P3 values and the lowest P2 mean in the dataset (0.014). This
pattern suggests institutional continuity but reduced dynamism or innovation velocity,
consistent with theories of administrative inertia in long-established governance systems.
The emergence of Ireland and Malta as single-country clusters is an inherent result of the
hierarchical clustering process and reflects their statistical distinctiveness in the multidimen-
sional indicator space. Ward’s method is specifically designed to minimize within-cluster
variance. Therefore, isolating such observations helps preserve the internal coherence of
the remaining clusters. Additional robustness checks confirm that the composition and
interpretation of the remaining clusters remain unchanged, indicating that the presence of
the aforementioned single-country clusters does not distort but rather enhances the validity
of the clustering solution. Finally, Cluster 5, the largest cluster with fourteen member states,
reflects the modal centre of the EU. For Cluster 5, the countries form the largest and most
heterogeneous group because they occupy the middle of the EU distribution. The research
describes this cluster as the “modal centre” of the EU, where P2 values are moderate, and
P1 and P3 averages are comparatively lower. In other words, these countries are grouped
because none of them exhibits the extreme dynamic profile of Cluster 1 or the exceptional
structural profile of Ireland and Malta. They represent the broad middle range of CE sector
performance. Its moderate P2 values and comparatively low P1 and P3 averages position it
as the statistical benchmark for “typical” EU performance. These countries exhibit neither
the high adaptability of Cluster 1 nor the structural sophistication of Ireland, but instead
represent a stable middle profile suitable for incremental reform strategies.

Table 2. Descriptive statistics among the given clusters.

Cluster N Indicator Mean Std. Dev. Min Max

Cluster 1 4 P1 0.020 0.002 0.018 0.022
P2 0.044 0.007 0.036 0.053
P3 0.019 0.002 0.016 0.021

Cluster 2 1 P1 0.039

Single
cluster

countries

0.039 0.039
P2 0.015 0.015 0.015
P3 0.034 0.034 0.034

Cluster 3 1 P1 0.030 0.030 0.030
P2 0.030 0.030 0.030
P3 0.023 0.023 0.023

Cluster 4 7 P1 0.017 0.003 0.014 0.022
P2 0.014 0.001 0.011 0.016
P3 0.017 0.003 0.013 0.023

Cluster 5 14 P1 0.015 0.003 0.006 0.018
P2 0.024 0.003 0.017 0.029
P3 0.014 0.003 0.006 0.018

This observation reflects a base effect rather than poor circular economy performance.
The indicator P2 measures employment in circular economy sectors, which tend to grow
more rapidly in countries that are still expanding their circular economy activities. In
mature economies such as Denmark or Sweden, the circular economy sector is already
relatively developed, and employment growth is therefore less pronounced. Consequently,
the indicator captures dynamic expansion rather than the absolute maturity of circular
economy systems. Countries such as Estonia or Croatia show stronger values because
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they are currently experiencing faster structural transformation in these sectors. To clarify
this point, we emphasize in the revised manuscript that the proposed ranking reflects
the intensity of transformation and governance responsiveness, rather than the absolute
level of circular economy development. The higher ranking of Poland and Hungary in
Cluster 5 reflects their stronger dynamic performance in circular economy employment (P2),
combined with moderate levels of investment and value added (P1 and P3). In contrast,
countries such as France and Luxembourg show relatively stable structural performance
but weaker dynamic expansion in circular economy employment. Therefore, the ranking
does not indicate that Poland or Hungary has already achieved a more advanced circular
economy, but rather that they currently exhibit stronger momentum in the transition process.
The governance scores reflect the capacity of national policy frameworks to mobilize
economic actors toward circular activities. For example, Croatia’s strong performance
in P2 indicates rapid expansion of employment in circular economy sectors, suggesting
effective policy incentives and institutional responsiveness. In contrast, countries such as
Germany exhibit a more mature and stable circular economy structure where growth rates
are naturally slower. Therefore, the results should be interpreted as indicating different
transition trajectories rather than differences in long-term sustainability performance.

The validity of the cluster structure derived from Ward’s hierarchical clustering was
assessed using one-way ANOVA and Levene’s test of homogeneity of variance across the
three criteria. The ANOVA results indicate that all three indicators, P1, P2, and P3, differ
significantly across clusters at the p < 0.001 level. This confirms that the clusters represent
statistically meaningful partitions of the data rather than arbitrary groupings. In particular, P2
exhibits the highest F-value (F = 39.43), demonstrating that the dynamic indicator contributes
most to inter-cluster differentiation, consistent with the CRITIC-derived weighting scheme
and with the geometric pattern observed in the GAIA plane. Levene’s test yielded non-
significant results for all indicators (p > 0.33), suggesting that the assumption of homogeneity
of variance is satisfied. This supports the reliability of the ANOVA outcomes and indicates
that cluster differences reflect genuine structural variation rather than artefacts of unequal
dispersion [63]. The combination of significant ANOVA results and non-significant Levene
statistics (Table 3) provides strong evidence of cluster stability and discriminant validity,
reinforcing the analytical soundness of the hierarchical clustering stage.

Table 3. Validity test for the given clusters.

Indicator ANOVA F-Statistic ANOVA p-Value Levene W-Statistic Levene p-Value Interpretation

P1 (Structural indicator) 17.839 0.000 0.477 0.768

Significant mean
differences between
clusters; homogeneity of
variance not violated.

P2 (Dynamic indicator) 39.432 0.000 1.216 0.346

Very strong cluster
differentiation; the
assumption of equal
variances holds.

P3 (Performance indicator) 11.500 0.000 0.513 0.736

Significant mean
differences; variances
are homogeneous
across clusters.

The silhouette analysis confirms the validity of the five-cluster solution. The Silhouette
coefficient was used to assess cluster quality at both the individual and group levels. For
each country i, the silhouette value si is defined as:

si =
bi − ai

max(ai, bi)
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where ai is the average distance between i and all other points in the same cluster, and bi is
the minimum average distance between i and points in the nearest neighboring cluster. The
average silhouette width equals 0.433, indicating a reasonably strong clustering structure
(Figure 2). Most countries exhibit positive silhouette values, indicating that they are
appropriately grouped with similar countries and sufficiently separated from neighboring
clusters. The Silhouette method was applied to assess the internal cohesion and external
separation of clusters.

Figure 2. The silhouette values.

The density matrix visualizes pairwise relationships among the circular economy
indicators. Distinct density regions correspond to clusters identified by the hierarchical
clustering procedure, highlighting the data’s multidimensional distribution and support-
ing the presence of heterogeneous circular economy performance patterns among EU
countries (Figure 3).

Figure 3. Density cluster matrix.
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4.2. MCDM Ranking Result

The Visual PROMETHEE Academic results demonstrate that states within each hierar-
chical cluster, although sharing certain structural or developmental similarities, still exhibit
substantial internal variation once multi-criteria preferences are applied. The dominance of
Estonia and Croatia in Cluster 1 reflects their strong dynamic capacities, operationalised by
consistently high P2 scores that are even more pronounced under the CRITIC weighting
scheme. PROMETHEE flow analysis (Table 4) reveals a high outgoing preference intensity
for these states, indicating broad superiority over their regional peers [89]. Lithuania and
Latvia exhibit more moderate profiles, reflecting transitional successes that are not yet con-
solidated across all criteria. Cluster 4 is particularly interesting. Germany, although often
treated as a structural anchor state of the EU, also outperforms its peers significantly in a
multi-criteria comparison, even when dynamic variables are weighted most heavily. This
suggests that Germany’s structural advantages remain sufficiently influential to generate
strong preference flows even when transformation capacity is emphasised. Conversely,
Sweden, Denmark, and Belgium, often considered governance leaders, are penalised by
their weaker alignment with dynamic indicators, resulting in lower net flows despite their
high structural quality. PROMETHEE therefore highlights an important distinction be-
tween structural excellence and dynamic adaptability. Cluster 5 contains the largest internal
heterogeneity, which is reflected in the dispersion of φ-net flows. Poland and Hungary
emerge as the strongest performers within this cluster, not because of superior structural
indicators, but due to above-average dynamic capacity and a favourable combination of
moderate performance and independence across criteria. At the lower end of the ranking,
Greece and Romania exhibit very unfavourable net flows, suggesting that deficits in both
structural and dynamic dimensions significantly reduce their preference intensity relative
to other member states.

Table 4. Phi coefficient net-flows.

Cluster Country Φ+ Φ− Φ (Net Flow) Rank

1

Estonia 0.9244 0.0386 0.8858 1
Croatia 0.8927 0.0633 0.8294 2

Lithuania 0.8364 0.1266 0.7098 3
Latvia 0.7021 0.2469 0.4552 4

4

Germany 0.8570 0.2380 0.6190 1
Austria 0.6900 0.3810 0.3090 2

Netherlands 0.5710 0.4760 0.0950 3
Finland 0.5240 0.5000 0.0240 4
Belgium 0.5000 0.5480 −0.0480 5
Denmark 0.4760 0.5950 −0.1190 6
Sweden 0.4050 0.6670 −0.2620 7

5

Poland 0.5710 0.1670 0.4040 1
Hungary 0.5710 0.1670 0.4040 2

Spain 0.5480 0.1670 0.3810 3
Czechia 0.5240 0.1670 0.3570 4
Bulgaria 0.5000 0.2140 0.2860 5
Cyprus 0.4760 0.2860 0.1900 6

Italy 0.4520 0.3100 0.1420 7
Slovenia 0.4290 0.3100 0.1190 8
France 0.4050 0.4520 −0.0480 9

Slovakia 0.3810 0.5710 −0.1900 10
Luxembourg 0.3570 0.6190 −0.2620 11

Portugal 0.3570 0.6190 −0.2620 12
Romania 0.3330 0.9290 −0.5960 13
Greece 0.2860 1.2140 −0.9290 14
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PROMETHEE II was employed to obtain a complete ranking of countries within
each cluster based on net preference flows, ensuring consistency with GAIA visualisation
and facilitating comparative interpretation. The GAIA plane (Figure 2) provides a geo-
metric interpretation of the multi-criteria evaluation, projecting univariate flows into a
two-dimensional space that preserves most of the variance in the preference structure. The
direction and magnitude of the criterion vectors convey the discriminatory power of each
indicator [95]. P2 consistently forms the longest vector across clusters, indicating that it
contributes most to variation in country profiles. In contrast, P1 and P3 are shorter and
nearly collinear, revealing redundancy and a strong correlation. The decision axis, formed
by projecting the CRITIC weight vector onto the GAIA plane, expresses the direction of the
most preferred combination of criteria under the specified weighting scheme. Countries
located near the “red decision arrow” direction (left upper quadrant) (Figure 4), which rep-
resents the multi-criteria ideal, have strong dynamic capacity combined with structurally
favourable conditions [87,96]. In Cluster 1, Estonia lies closest to, reflecting an optimal
alignment with the weighted preference model. Croatia follows, with a slightly more mod-
erate projection, while Lithuania and Latvia fall closer to the origin, indicating intermediate
profiles. In Cluster 4, the GAIA plane reveals a compact but differentiated configuration.
Germany aligns moderately, whereas Sweden, Belgium, and Denmark appear orthogonal
to the decision axis, indicating that their governance profiles emphasize dimensions less
valued under the current weighting scheme. This geometric divergence illustrates why
these states exhibit relatively low φ-net flows despite being high-income democracies with
stable institutions.

Figure 4. The GAIA plane.

Since the retained variance exceeds the commonly recommended threshold of 60–70%,
the two-dimensional representation provides a reliable approximation of the multidi-
mensional decision space. In this model, the GAIA projection retains 79.1% of the total
information contained in the decision problem. The super GAIA plane synthesises the
entire EU landscape. Here, the structural outliers (Ireland, Malta) appear far from both the
centroid of most other countries, reaffirming their unique governance models. By contrast,
the dynamic states (Estonia, Croatia, Baltics) cluster near, signifying strong alignment with
contemporary EU transformation criteria. The modal cluster displays a wide spread, with
Poland and Hungary near the decision axis, while Greece and Romania diverge sharply,
illustrating performance deficits reflected in negative net flows. While the average silhou-
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ette coefficient (0.433) indicates moderate cohesion, this value aligns with expectations for
heterogeneous socio-economic data, where perfectly separated clusters are seldom seen.
Importantly, clustering robustness is not judged solely on the silhouette metric. The solu-
tion is supported by multiple complementary validation methods, including statistically
significant inter-cluster differences (ANOVA), confirmed homogeneity of variance (Lev-
ene’s test), and consistent separation patterns in the multidimensional space. Additionally,
the high variance explained by the GAIA projection (79.1%) shows that the underlying
structure of the decision space is well maintained, reinforcing the reliability of the clustering
despite moderate silhouette scores.

The sensitivity analysis shows that only minor rank shifts occur, and the relative
structure of the rankings remains stable (Table 5). The leading countries in each cluster
remain unchanged under equal weighting. This confirms that the PROMETHEE results
are not solely driven by the higher CRITIC weight assigned to P2, but rather reflect the
combined influence of all three indicators. The CRITIC method is preferable to equal
weighting because it derives weights from the data’s informational content, assigning
greater importance to indicators that exhibit higher variability and lower redundancy
with other criteria. In this study, this is methodologically appropriate because P2 pro-
vides the strongest discriminatory power across countries. In contrast, equal weighting
would impose an arbitrary assumption that all indicators contribute equally, regardless
of their empirical capacity to differentiate national circular economy profiles. To assess
the robustness of the multi-criteria evaluation, a sensitivity analysis was conducted by
recalculating the PROMETHEE ranking under an alternative weighting scheme where all
indicators were assigned equal weights. The comparison between the CRITIC-derived
weights and the equal-weight scenario shows only minor changes in country rankings,
while the overall cluster structure and leading countries remain stable. This confirms that
a single indicator does not drive the results but reflects a consistent multidimensional
pattern of circular economy performance. Therefore, the combined CRITIC-PROMETHEE
framework provides a robust evaluation of the dynamics of the circular economy tran-
sition across EU countries. In Cluster 5, only minor fluctuations are observed. Poland
and Hungary switch positions, with Hungary moving from second to first place (+1) and
Poland dropping from first to second (−1). Importantly, these changes are small and do
not affect the overall interpretation of cluster leadership. Instead, they suggest that the
two countries have closely similar performance profiles, with slight differences in indicator
composition becoming more noticeable when weights are adjusted. The lack of significant
ranking shifts across both clusters confirms the robustness of the PROMETHEE II results,
showing that the identified hierarchy is driven by underlying structural differences rather
than the weighting scheme. This is a key validation step in multi-criteria decision analysis,
as it decreases the risk of methodological bias.

Table 5. Ranking changes applying equal weights for all indicators.

Country Cluster Rank (CRITIC Weights) Rank (Equal Weights) Change

Estonia 1 1 1 0
Croatia 1 2 2 0

Lithuania 1 3 3 0
Latvia 1 4 4 0
Poland 5 1 2 −1

Hungary 5 2 1 +1

From a methodological standpoint, the CRITIC weighting approach provides a more
objective basis for evaluation compared to equal weighting. Unlike arbitrary or uniform
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weight assignment, CRITIC incorporates both the dispersion (contrast intensity) of each
indicator and its correlations with other criteria, thereby emphasising indicators that con-
tribute the most unique (non-redundant) information to the decision problem. In this
context, the relatively higher weight assigned to indicator P2 does not reflect subjective pri-
oritisation but rather its empirical significance in differentiating circular economy transition
patterns across EU countries.

Compared with equal weighting, CRITIC offers a more objective weighting scheme
because it incorporates both the contrast intensity of each indicator and its correlation
structure with the remaining criteria. Therefore, the higher weight assigned to P2 does
not reflect subjective preference but rather reflects that this indicator contributes the most
non-redundant information for distinguishing circular economy transition patterns across
EU countries.

5. Discussion
The combined application of hierarchical clustering, CRITIC weighting, PROMETHEE

ranking, and GAIA visualisation creates a highly heterogeneous governance landscape
within the EU. This heterogeneity is not merely quantitative but reflects qualitatively
distinct developmental trajectories, institutional logics, and strategic orientations among
member states. The model identifies statistically significant differences in multidimen-
sional performance between countries. Institutional explanations are applied cautiously as
interpretive extensions consistent with existing EU governance research. This approach
preserves methodological robustness by distinguishing data-driven findings from contex-
tual interpretation, while still providing valuable insights into the broader governance
effects of circular economy transition patterns. The five-cluster configuration underscores
that the EU is not a convergence-based system progressing uniformly toward an integrated
governance frontier. Rather, it displays differentiated pathways characterised by asym-
metries in structural stability, dynamic reform capacity, institutional performance, and
adaptability to contemporary global challenges [97]. A central insight emerging from the
analysis is that structural excellence and dynamic capacity operate as partially independent
dimensions of governance performance. Countries may score highly on one dimension
while lagging on another, resulting in unique multi-criteria profiles. Ireland and Malta
exemplify this through their isolated positions as single-member clusters. Ireland’s hyper-
internationalised economic structure, combined with exceptionally strong institutional
performance, translates into an outlier profile unmatched across Europe.

In contrast, Malta demonstrates balanced but consistently high performance across
all indicators, supported by features typical of successful microstate governance: agile
institutions, compact bureaucratic structures, and rapid policy implementation. These
two cases highlight that “excellence” in the EU arises from fundamentally different institu-
tional architectures: one based on large-scale global integration, the other on small-state
agility. Cluster 1 presents a contrasting pattern. Estonia, Croatia, Lithuania, and Latvia
embody a dynamic transformation model driven by ambitious digitalisation agendas,
rapid institutional reforms, and increasing adaptability. Their positions in the GAIA plane
illustrate a strong alignment with the decision axis dominated by the dynamic indicator
P2. These countries do not yet rival Western European states in structural depth, but
they excel in responsiveness and innovation, characteristics that are increasingly central
to modern governance. Estonia stands out as a paradigmatic digital state, while Croatia’s
rapid convergence reflects the effectiveness of post-accession institutional investment. The
Baltic states’ collective trajectory underscores how digital governance and agile institutional
design can enable smaller states to overcome structural legacies and compete effectively in
the broader European system.
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Cluster 4, composed primarily of long-established Western European democracies,
demonstrates the persistence of the traditional European governance model, characterised
by structural stability, legal-institutional maturity, and consistent administrative perfor-
mance. Yet, this stability paradoxically becomes a source of relative disadvantage under
dynamic weighting schemes. Although Germany remains the internal leader of this cluster,
combining structural depth with moderate transformation capacity, other traditionally
high-performing states, such as Sweden, Denmark, and Finland, appear penalized in
PROMETHEE rankings. Cluster 5, representing the modal group of EU countries, demon-
strates the broadest internal heterogeneity, capturing Southern European states, Central
European reformers, and structurally stable Western micro-states. Countries like Poland
and Hungary outperform their cluster peers due to strong reform dynamics and targeted
economic strategies, despite structural weaknesses. Meanwhile, countries such as France,
Slovakia, Luxembourg, and Portugal remain structurally sound but struggle to keep pace
with the dynamic reforms necessary to stay competitive. At the lower end, Greece and
Romania exhibit persistent structural vulnerabilities, limited administrative capacity, and
slower convergence toward EU governance standards. Cluster 5 thus illustrates the un-
evenness of governance consolidation within the Union and highlights the divergence
between reformist momentum and institutional constraints. The fact that countries like
Romania and Bulgaria consistently appear in similar clusters across different studies is not
a coincidence due to methodology. Still, it reflects ongoing structural and governance traits
captured by the chosen indicators (P1, P2, P3). These countries show a relatively stable mul-
tidimensional profile, marked by lower investment in circular economy sectors (P1), limited
growth in circular employment (P2), and weaker value added in circular activities (P3).
Since clustering methods group countries based on similarities across these dimensions,
such structural consistency naturally results in repeated clustering outcomes, regardless
of the specific method used. This idea is supported by [98], who report similar grouping
patterns for Eastern European countries, confirming that these results reflect persistent
governance structures and development paths, rather than artifacts of statistical modeling.
Therefore, the stability of clustering should be seen as evidence of path-dependent EU
governance dynamics, where countries follow relatively stable transition paths shaped
by institutional capacity, economic structure, and policy effectiveness. For Cluster 1 coun-
tries like Estonia, which already show strong dynamic performance, the right path is not
capacity building but strategic consolidation and scaling. This includes further strength-
ening innovation-driven and digital governance mechanisms (P2), expanding high-value
circular activities to improve structural indicators (P1 and P3), and acting as policy leaders
within the EU by sharing best practices and promoting convergence among member states.
Thus, the framework clearly distinguishes between catch-up governance models (Cluster 5)
and frontier governance models (Cluster 1), offering not only a diagnostic classification
but also a policy-guiding roadmap for the circular economy transition within the EU
governance system.

These results also carry important implications for EU policy coordination. Uniform
governance benchmarks may fail to capture the systemic diversity revealed here; differenti-
ated support mechanisms, tailored reform pathways, and dynamic performance criteria
may be more appropriate in driving convergence and resilience across the Union. As
the EU continues to face growing geopolitical, technological, and economic pressures,
understanding and strategically leveraging these pressures is crucial. This differentiated
governance landscape becomes essential for designing effective cohesion, recovery, and
digital transition policies. Although the study provides a rigorous multi-method assess-
ment of governance performance across EU member states, several limitations must be
acknowledged. First, the reliance on three indicators oversimplifies the multidimensional
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nature of governance, underscoring the need for future research that incorporates broader
economic, administrative, and social variables. Second, the cross-sectional design precludes
analysis of temporal evolution, making longitudinal PROMETHEE-GAIA models a promis-
ing avenue for capturing reform dynamics and institutional trajectories. The clustering
solution, while statistically validated, is sensitive to methodological choices. Also, alter-
native algorithms and resampling-based stability tests could enhance robustness [99]. On
the other hand, CRITIC weighting, although objective, reflects statistical rather than nor-
mative priorities, and future work should compare statistical weights with policy-driven
or stakeholder-derived schemes. PROMETHEE’s outcomes depend on chosen preference
functions, indicating the value of testing alternative specifications and conducting sen-
sitivity analyses. Additionally, GAIA reduces dimensionality, which may obscure latent
structures, motivating exploration of nonlinear visualisation techniques such as t-SNE or
UMAP. Unlike non-linear methods, which are mainly exploratory and can distort global
distances to emphasize local structures, GAIA preserves the overall preference relation-
ships, the criterion weights derived from the CRITIC method, and the interpretation of the
decision axis, all of which are vital for policy-focused analysis. Additionally, GAIA pro-
vides direct insights into the relative contributions and interactions of criteria, facilitating
the interpretation of trade-offs among indicators. Importantly, the robustness of GAIA in
this study relies not only on the retained variance (79.1%) but also on multiple validation
procedures. These include silhouette analysis (average silhouette score of 0.433), which con-
firms meaningful cluster separation. ANOVA results demonstrate inter-cluster differences;
Levene’s test confirms homogeneity of variances; and density matrix visualization reveals
consistent multidimensional patterns that align with the identified clusters. The GAIA
method is inherently connected to PROMETHEE, offering a geometric representation of
preference flows that directly reflect criterion weights, trade-offs, and the decision axis,
ensuring complete consistency between ranking results and their visual interpretation.
Collectively, these findings illustrate that GAIA provides a methodologically robust and
decision-consistent representation, making it more suitable than non-linear alternatives for
this study. In contrast, t-SNE and UMAP are primarily exploratory techniques that focus on
local similarity structures and may distort global distances and relationships, limiting their
usefulness in multi-criteria decision-making contexts where interpretability and preserva-
tion of preference structures are essential. The findings are EU-specific, and comparative
studies across OECD or non-EU regions could reveal whether the identified governance
typologies generalise beyond Europe. The current model excludes political variables such
as regime characteristics, party dynamics, and public trust, which future research could
integrate to better explain governance patterns. Incorporating crisis-response indicators,
pandemic management, energy resilience, or cybersecurity may provide deeper insight into
adaptive governance capacity. Finally, expanding this framework into predictive modelling
could help anticipate which countries are likely to shift clusters as their structural and
dynamic conditions evolve.

6. Conclusions
The results obtained using the CRITIC-PROMETHEE-GAIA model clearly confirm

that EU governance systems do not converge toward a single, homogeneous model but
instead evolve through diverse, differentiated governance pathways. The clustering anal-
ysis identifies distinct governance regimes across member states. At the same time, the
PROMETHEE-GAIA results show that dynamic governance capacity (P2), which captures
adaptability, institutional responsiveness, and the ability to mobilize economic actors, plays
a dominant role in shaping performance outcomes. This is further confirmed by the align-
ment of the decision axis in the GAIA plane. Consequently, the findings support the idea
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that contemporary EU governance is increasingly characterized by transformation capabil-
ity rather than purely structural maturity, reflecting a multi-speed governance architecture
within the Union. The PROMETHEE-GAIA results suggest that European governance mod-
els are evolving along two distinct pathways. The first pathway is characterised by high
structural maturity but limited dynamic adaptability. States such as Sweden and Belgium
exemplify this pattern, maintaining strong performance across structural indicators but
showing limited capacity for transformation in areas such as digitalisation, regulatory inno-
vation, and public-sector agility. The second pathway, exemplified by Estonia and Croatia,
is characterised by rapid transformation dynamics that compensate for lower historical
structural endowments. This duality implies that EU governance frameworks should adopt
a differentiated approach to capacity-building and benchmarking, rather than imposing
uniform performance expectations across the Union. The low ranking of Romania and
Greece reflects deficiencies across both structural and dynamic indicators, particularly in
the dynamic dimension (P2), which captures the expansion of employment in circular econ-
omy sectors. Therefore, policy recommendations must go beyond general improvements
in administrative capacity to focus on targeted circular economy interventions. Specifically,
these countries should prioritize increasing private investment (P1) in circular economy
infrastructure, such as recycling systems, repair networks, and resource-recovery facilities.
Furthermore, Romania and Greece should stimulate job creation in circular sectors (P2)
through targeted labor market policies, incentives for green enterprises, and support for
SMEs engaged in recycling and reuse. Additionally, strengthening the contribution of
circular sectors to the economy by improving gross value added (P3) through innovation,
technological upgrading, and integration into EU circular value chains also has a strong
impact on policy. The results clearly indicate that improving only structural conditions is
insufficient. Instead, a simultaneous strengthening of the capacity for dynamic transfor-
mation is required. This interpretation is fully consistent with the PROMETHEE ranking
and the GAIA visualization, in which these countries are positioned far from the decision
axis, reflecting weak alignment with the preferred multidimensional profile of circular
economy development.

For highly dynamic states, the primary challenge is sustaining a transformational
process while expanding structural robustness, especially in long-term institutional sta-
bility and administrative capacity. For structurally mature but less dynamic states, policy
recommendations include stimulating experimentation in digital governance, reducing
administrative rigidity, and fostering agile regulatory environments that can support next-
generation technological and economic transitions. For low-performing states such as
Greece and Romania, the policy agenda must address foundational structural efficiency,
administrative capacity, and regulatory quality, combined with targeted EU-level support
for dynamic reforms. The integrated CRITIC-PROMETHEE-GAIA approach, combined
with hierarchical clustering and validated through silhouette analysis and density matrix
visualization, provides a robust and scalable framework for monitoring circular economy
transition performance across countries. The robustness of the results is confirmed through
multiple validation procedures, including statistically significant ANOVA results, accept-
able homogeneity of variance (Levene’s test), a silhouette coefficient of 0.433 indicating
meaningful cluster separation, and consistent patterns observed in the density matrix.
Additionally, sensitivity analysis demonstrates that the ranking remains stable under al-
ternative weighting schemes, confirming that no single indicator drives the results and
that the results reflect a consistent multidimensional structure. Therefore, this framework
can be used not only for cross-sectional comparisons but also as a longitudinal monitoring
tool to track progress, identify structural gaps, and support evidence-based policymaking
in the circular economy domain. It provides policymakers with a systematic method for
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evaluating both structural readiness and transformation dynamics, which are essential for
achieving sustainable and resilient economic systems within the European Union.

7. Practical Implications
The analysis presented in this research points to several key policy implications for

improving governance performance across the EU and the implementation of CE measures.
First of all, statistical agencies should improve the completeness and timeliness of data
publication. Relevant indicators, such as Private investment and gross added value related
to CE sectors (i), Persons employed in CE sectors (ii), and Gross value added as a percentage
of GDP at current prices (iii), exist, but are not available for all years. This makes it difficult
to continuously monitor trends and make decisions, which can slow down the effective
transition toward a CE.

Second, as member states pursue different development paths, EU institutions should
ensure cross-sectoral policy coordination and adopt more flexible, efficient approaches. To
achieve balanced CE development across the EU, strengthening collaborative networks
could help reduce disparities. Regional disparities in the implementation of the CE are
linked to levels of economic development and the availability of investment resources.
They show how complex the transition to a sustainable economic model is in the EU. To
reduce these differences, it is necessary to develop tailored public policies, ensure adequate
financing, and encourage cooperation among member states. Investments in infrastructure,
education, and new technologies are key to strengthening and unifying the CE across the
EU. Policies aimed at developing the CE should take into account regional differences
among EU member states and encourage the development of new knowledge and skills
in the labour market needed to carry out CE activities. Education systems and labour
market policies should encourage the development of new skills needed for CE activities,
especially in segments such as recycling technologies and repair services.

Countries with strong institutions should accelerate the modernisation of administra-
tive processes and digitalisation to implement CE strategies and remain competitive more
effectively. Countries with weak capacities should receive targeted EU support, including
technical assistance, knowledge sharing, and initiatives to strengthen the efficiency of
governance and implementation of CE policies. Strategic cooperation between countries
could significantly accelerate CE progress, and governments should promote stronger
collaboration among public institutions, business, and civil society.

Low-performing states such as Greece and Romania face structural weaknesses and
limited sector capacity. To improve the CE performance in those countries, retraining
and training programs are necessary. These programs should develop skills in recycling,
reuse, and secondary materials management. This increases workforce flexibility and
reduces existing gaps. Aligning workforce development with sectoral transformation
can significantly help reduce structural constraints and improve the overall performance
of these countries within the cluster. Further improving sectoral dynamism is possible
through cross-sector skill transfer initiatives, and more effective policy implementation can
be supported by financial investment in innovation and workforce development.

8. Limitations of the Study and Future Research
The indicators used in this paper represent a subset of the CE’s broader economic

impact. The analysis used a selected set of indicators aligned with the research objectives,
but to capture the broader effects of the transition to a CE, a wider set of indicators should
be considered.

A limitation is that performance in the CE sectors differs significantly across EU
member states, i.e., the sample is heterogeneous, a heterogeneity that was attempted to be
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mitigated by cluster analysis. However, significant differences are also noticeable within
the clusters.

In addition, there is a lack of statistical data for the five years analyzed in the affected
areas. Since data are provided at the national level, it is often the case that data for
individual years or countries are missing, or that there is a lack of continuity in the provision
of data, which is often due to differences in administrative practices, statistical processing
procedures, and delays in data dissemination by national statistical offices. This limitation
has been attempted to be overcome by using the earliest year in the period with a complete
data set as the relevant year when complete observations were not available for certain
years. However, this approach also has limitations, as using data from different years for
different countries within the same PROMETHEE model may affect the accuracy of the
net-flow (Phi) ranking.

Overall, monitoring and measuring performance in CE remain significant challenges
for researchers. Despite the aforementioned limitations, the paper provides a significant
contribution to understanding CE practices in EU countries. Future research should take
into account the above limitations and strive to overcome them. For example, more ad-
vanced data imputation techniques could be used in future research. Further research could
also consider a broader set of indicators to provide a more comprehensive understanding
of the CE from multiple perspectives. It would also be useful to apply longitudinal analysis
(window analysis) to monitor changes within clusters and track how countries migrate
between clusters over time.
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35. Radivojević, V.; Rad̄enović, T.; Dimovski, J. The Role of Circular Economy in Driving Economic Growth: Evidence from EU
Countries. SAGE Open 2024, 14, 21582440241240624. [CrossRef]

36. Giucă, A.-D.; Voicilă, D.; Rodino, S. Dynamics of Circular Economy Indicators in European Countries. Proc. Int. Conf. Bus. Excell.
2025, 19, 5521–5535. [CrossRef]

37. United Nations Economic Commission for Europe (UNECE). Guidelines for Measuring Circular Economy—Part B: Practical
Guide for Measuring Progress Towards a Circular Economy; Meeting of the 2025/2027 Bureau, Washington, DC, USA, 25–26 Febru-
ary 2026; United Nations Economic Commission for Europe: Geneva, Switzerland, 25–26 February 2026. Available online:
https://unece.org/sites/default/files/2026-03/15_Measuring_CE_Part_B_0.pdf (accessed on 12 October 2025).

38. European Environment Agency (EEA). Circular Economy Financing and Strategies. 2025. Available online: https://www.
eea.europa.eu/en/europe-environment-2025/thematic-briefings/circular-economy-and-other-enablers-of-transformative-
change/circular-economy-financing-and-strategies (accessed on 12 October 2025).

39. Aranda-Usón, A.; Portillo-Tarragona, P.; Marín-Vinuesa, L.; Scarpellini, S. Financial Resources for the Circular Economy: A
Perspective from Businesses. Sustainability 2019, 11, 888. [CrossRef]

40. Ha, L.T. Is Economic Complexity an Enabler of Environmental Innovation? Novel Insightful Lessons from the European Region.
Manag. Environ. Qual. Int. J. 2023, 34, 331–350. [CrossRef]

41. Afolabi, J.A. Advancing the Circular Economy in Europe: The Role of Eco-Innovation, Economic Complexity, and Digitalization.
Technol. Soc. 2025, 83, 103027. [CrossRef]

42. Simion, C.-P.; Bărăgan, L.-G.; Vrîncut, , M.; Mazare, M. The Influence of Circular Economy Initiatives on the EU Environmental
Goods and Services Sector. Sustainability 2025, 17, 8779. [CrossRef]

43. Kirchherr, J.; Reike, D.; Hekkert, M. Conceptualizing the circular economy: An analysis of 114 definitions. Resour. Conserv. Recycl.
2017, 127, 221–232. [CrossRef]

44. Georgescu, L.P.; Fortea, C.; Antohi, V.M.; Balsalobre-Lorente, D.; Zlati, M.L.; Barbuta–Misu, N. Economic, technological and
environmental drivers of the circular economy in the European Union: A panel data analysis. Environ. Sci. Eur. 2025, 37, 76.
[CrossRef]

45. International Labour Organization (ILO). World Employment and Social Outlook 2018: Greening with Jobs; International Labour
Organization: Geneva, Switzerland, 2018. Available online: https://www.ilo.org/sites/default/files/wcmsp5/groups/public/
@dgreports/@dcomm/@publ/documents/publication/wcms_628654.pdf (accessed on 12 October 2025).

46. Esteban Muñoz H, M.; Novak, M.; Gil, S.; Dufourmont, J.; Goodwin Brown, E.; Confiado, A.; Nelemans, M. Tracking a Circular
Economy Transition through Jobs: Method Development and Application in Two Cities. Front. Sustain. Cities 2022, 3, 787076.
[CrossRef]

47. Ferrante, L.; Germani, A.R. Does circular economy play a key role in economic growth? Econ. Bull. 2020, 40, 1855–1862.
48. Moreno-Mondéjar, L.; Triguero, Á.; Cuerva, M.C. Exploring the association between circular economy strategies and green jobs in

European companies. J. Environ. Manag. 2021, 297, 113437. [CrossRef] [PubMed]
49. Luca, F.-A.; Epuran, G.; Ciobanu, C.I.; Horodnic, A.V. Green Jobs Creation—Main Element in the Implementation of Bioeconomic

Mechanisms. Amfiteatru Econ. 2019, 21, 60–74.
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