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Abstract 

This study examines circular economy (CE) performance across 27 EU 
countries over 2015–2023 using indicators related to patents, resource productiv-
ity, plastic packaging waste generation, trade in recyclable raw materials, em-
ployment in CE sectors, and plastic packaging recycling. The empirical analysis 
combines descriptive statistics, correlation analysis, fuzzy c-means clustering, 
and multinomial logistic regression. The results identify three clusters of EU coun-
tries: lagging systems with weak performance across most dimensions, advanced 
integrated economies combining innovation and recycling capacity, and effi-
ciency-driven recyclers that achieve comparatively strong recycling outcomes de-
spite weaker innovation and labour-market capacity. The findings suggest that CE 
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performance in the EU is not one-dimensional. Multinomial logistic regression 
confirms that recycling performance is the primary driver of transition from low- to 
intermediate-level systems, while advanced systems require broader structural in-
tegration. The findings highlight gradual, path-dependent transitions and provide 
evidence for differentiated policy strategies targeting both capacity building and 
recycling efficiency. The original contribution of this study lies in empirically distin-
guishing between capacity-driven and outcome-driven dimensions of CE per-
formance and in demonstrating that intermediate circular success can emerge 
under structurally different national configurations, which has direct implications 
for differentiated EU cohesion and CE funding policy. 
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Problem Statement 

The circular economy (CE) has become a strategic priority for the EU as a 
framework for reducing material intensity, improving resource efficiency, strength-
ening environmental sustainability, and enhancing long-term economic resilience 
(European Commission, 2018a; Geissdoerfer et al., 2017). In this context, as-
sessing circular economy performance across EU countries is not only a matter of 
environmental monitoring but also an important economic question, as circular 
transition depends on the interaction between waste-management outcomes, in-
novation capacity, labour-market transformation, and integration into secondary 
raw material markets (PACE, 2021; Avdiushchenko & Zając, 2019; Kamali Saraji 
& Torabi, 2025). 

However, the empirical assessment of CE performance remains analyti-
cally challenging. Circularity at the country level is multidimensional, and high per-
formance in one dimension does not necessarily imply broader structural ad-



J o u r n a l  o f  E u r o p e a n  E c o n o m y  
Vol. 25. № 2 (97). April–June 2026. 
ISSN 2519-4070 

441 

vancement (Moraga et al., 2019; Fura et al., 2020; Lishchynskyy et al., 2025). In 
particular, strong recycling outcomes may coexist with limited innovation, weak 
circular employment, or low integration into secondary material flows, which 
makes it insufficient to interpret CE performance through isolated indicators or 
single aggregate rankings (PACE, 2021). 

Although existing studies provide valuable benchmarking tools, they often 
rely on descriptive scoreboards or composite indices that flatten heterogeneous 
development patterns across countries (Fura et al., 2020; Kamali Saraji &Torabi, 
2025). As a result, they do not fully capture whether EU countries follow a com-
mon circular transition trajectory or whether they represent distinct but partially 
overlapping structural configurations (Avdiushchenko, 2021; Cader et al., 2024). 

Therefore, this study aims to identify distinct structural patterns of CE per-
formance across EU countries and to assess whether high recycling outcomes 
are systematically associated with broader CE capacities. The study further seeks 
to explain cluster membership and to provide a differentiated interpretation of CE 
development in the EU. 

 

 

Literature Review 

The circular economy (CE) is widely understood as a systemic alternative 
to the traditional linear model of production and consumption, which is based on 
extraction, use, and disposal. In the academic literature, CE is commonly defined 
through strategies such as reducing, reusing, repairing, refurbishing, recycling, 
and recovering materials across production and consumption processes 
(Kirchherr et al., 2017). Similar approaches emphasise three processes: closing, 
slowing, and narrowing resource cycles. This means using fewer materials, ex-
tending product lifespans, and generating less waste (Geissdoerfer et al., 2017; 
Dominish et al., 2018; Bocken et al., 2019; Reike et al., 2018). Although defini-
tions vary in emphasis, there is broad agreement that CE implies a structural 
transformation of production and consumption systems toward greater resource 
efficiency and value retention over time (Kirchherr et al., 2023; Ellen MacArthur 
Foundation, 2025). 

At the national scale, CE performance can be viewed through two comple-
mentary lenses: outcomes and enabling capacities. Outcome-oriented perspec-
tives focus on observed results of circularity – for example, how much waste is 
recycled or how much primary resource use is reduced (i.e. closed loops and nar-
rowed resource flows). Capacity-oriented views emphasise the institutional, tech-
nological, and market conditions that enable circularity – such as innovation ca-
pacity, supportive policies, market infrastructure for secondary materials, and 
skilled labour in circular sectors (PACE, 2021). 
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At the macro level, CE performance is commonly structured into a limited 
set of recurring dimensions, typically reflecting EU monitoring practice: waste 
management, production and consumption patterns (resource use and efficiency), 
secondary raw materials (including circular material use and trade), competitive-
ness and innovation (investment, value added, patents), and labour-market as-
pects captured through employment in CE sectors (Kamali Saraji & Torabi, 2025; 
Avdiushchenko & Zając, 2019; Cader et al., 2024; European Commission, 
2018b). For example, the EU’s own monitoring framework groups indicators into 
production & consumption, waste management, secondary raw materials, and 
competitiveness & innovation (Fura et al., 2020) – effectively covering the first 
four areas – and some analyses add a fifth pillar for broader resource or environ-
mental outcomes (like resource productivity or greenhouse gas emissions) (Ka-
mali Saraji & Torabi, 2025). This dimensional approach provides a more nuanced 
profile of each country’s strengths and weaknesses in the circular transition. 

A variety of indicator families are used to quantify countries' CE perform-
ance. 

Patents as a Proxy for Innovation. Patents in the field of recycling and 
secondary raw materials are often seen as an indicator of innovation in the CE. 
They show how actively new technologies for recycling, waste management and 
resource efficiency are being developed (Moraga et al., 2019; Pakuła et al., 2025; 
McMillin, 2025). In the EU monitoring framework, they are treated as an indicator 
of technological progress in circular solutions (European Commission, 2018c). 
However, patent counts capture formal innovation output rather than realised cir-
cular outcomes, and they may be shaped by cross-country differences in innova-
tion systems, sectoral specialisation, and the uneven propensity to patent (Cres-
cenzi et al., 2022; Crass et al., 2019; Taalbi, 2025; Lotti & Nobile, 2025; Reeb & 
Zhao, 2020). Thus, patents are best interpreted as an indirect measure of innova-
tion capacity rather than direct evidence of circular performance. 

Resource Productivity. Resource productivity is typically measured as 
GDP per unit of domestic material consumption (GDP/DMC). It is a standard indi-
cator of material efficiency and decoupling, widely used in CE and resource-
efficiency research (McCarthy et al., 2018; Eurostat, 2025b; OECD, 2024). Higher 
values suggest that an economy generates more value per unit of material input. 
However, the indicator is not a pure measure of circularity, since it may also re-
flect structural shifts toward services, trade patterns, or the externalisation of ma-
terial-intensive production rather than genuine circular efficiency gains (Bianchi et 
al., 2021; Krausmann et al., 2018; Alonso-Fernández & Regueiro-Ferreira, 2021; 
Schandl et al., 2024; Nowaczek et al., 2023). It is therefore informative, but 
should be interpreted with caution. 

Trade in Recyclable Raw Materials. Trade in recyclable raw materials is 
commonly used to capture a country’s integration into secondary material markets 
and its participation in cross-border circular flows (Pakuła et al., 2025; Moraga et 
al., 2019). High trade volumes may indicate that a country actively purchases or 
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supplies recycling materials and therefore has closer ties to the CE beyond its 
borders (van Beukering et al., 2014; Lingaitiene & Burinskienė, 2024; Burinskienė 
et al., 2025). At the same time, trade intensity may also reflect structural factors 
such as country size, logistics infrastructure, port functions, or limited domestic 
processing capacity, rather than deliberate circular-economy advancement 
(European Commission, 2021; Yamaguchi, 2021). For this reason, the indicator is 
best seen as a proxy for market integration rather than a direct measure of circu-
lar outcomes. 

Recycling Rates. Recycling indicators remain central to country-level CE 
assessment because they capture the extent to which material loops are being 
closed in practice (Milanović et al., 2022; Kamali Saraji & Torabi, 2025). In par-
ticular, the recycling rate of plastic packaging waste is especially relevant in the 
EU context because plastic packaging is both policy-prioritised and technically 
challenging to recycle (Matthews et al., 2021; Picuno et al., 2021; Anwar et al., 
2024; Džajić Uršič et al., 2025). Compared with broader recycling measures, it 
provides a more demanding test of system performance in a problematic waste 
stream. For this reason, it is used in this study as a focused outcome indicator of 
circular-economy effectiveness. 

The Generation of Plastic Packaging Waste (GPPW). GPPW is used as 
a pressure indicator that reflects the intensity of packaging-related consumption 
and the scale of waste that national systems must manage (European Environ-
ment Agency, 2023; Perera et al., 2026). Because plastic packaging is short-
lived, highly visible in waste streams, and central to EU environmental policy, high 
per capita GPPW signals stronger pressure on collection, sorting, recycling, and 
prevention systems (Bullock et al., 2022; Bruns et al., 2024; Torkelis et al., 2024). 
From an analytical perspective, this indicator complements recycling indicators, 
as it helps to distinguish countries that perform well in recycling even under high 
waste pressures from those that perform poorly even under lower pressures. In 
this study, the GPPW indicator is used to assess the intensity of plastic packaging 
consumption and the associated level of waste generation. It contextualises recy-
cling performance and trade in secondary materials. This allows us to distinguish 
between systems that achieve good recycling performance despite high levels of 
waste generation and systems where lower waste generation coexists with 
weaker circularity performance. 

Employment in CE Sectors. The indicator “employment in CE sectors” 
(and related “value added in circular sectors”) is intended to capture the socio-
economic dimension of the transition – essentially, how much of the workforce is 
engaged in activities like recycling, repair, refurbishment, waste management, 
and leasing services (Eurostat, 2025e). An increasing number of circular jobs can 
indicate that an economy is restructuring towards circular activities, often cited as 
evidence of a “just transition” that creates new opportunities (Muñoz et al., 2022; 
Schröder, 2020). “Circular employment” is treated as a supporting indicator that 
signals socioeconomic engagement in CE. However, studies emphasise the need 
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to view it in context (scaled appropriately, and alongside outcome indicators) to 
discern whether it reflects true circular progression or just an artefact of economic 
scale. 

Existing research on CE performance has generated valuable insights. 
Nevertheless, some limitations remain. First, many studies rely on descriptive 
scoreboards or composite indices that flatten multidimensional CE processes into 
a single ranking, thereby masking structural heterogeneity across countries. Sec-
ond, performance indicators, especially recycling rates, are often analysed with-
out sufficient attention to the factors that enable the development of more ad-
vanced CE systems. These factors include innovation, employment in circular 
sectors, and integration into secondary raw materials markets. Third, limited at-
tention has been paid to the possibility that EU countries may follow different 
structural configurations of circular transition rather than a single linear develop-
ment path. 

Based on this research gap and objective, the study formulates the follow-
ing hypotheses: 

H1. CE performance across EU countries is multidimensional rather than 
one-dimensional. 

H2. EU countries can be grouped into distinct but partially overlapping clus-
ters of CE performance. 

H3. High recycling performance alone is not sufficient to define an ad-
vanced CE system. 

 

 

Methodology 

The empirical strategy consisted of 5 stages: dataset preparation, correla-
tion diagnostics, clustering using the fuzzy c-means algorithm to identify cross-
country typologies in circular-economy performance, post-clustering analysis us-
ing multinomial logistic regression to assess the drivers of cluster membership, 
and multicollinearity diagnostics were performed using Variance Inflation Factors 
(VIF) to ensure the interpretability and stability of the estimated models. 

Data preprocessing and missing value treatment. The dataset covers 
27 countries from 2015 to 2023. The dataset used for the research analysis con-
tains 243 observations. The dataset covered EU Member States and included a 
set of circular-economy indicators (Table 1).  
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Table 1 

Description of factors 

Factor 
Measurement 

Characteristics 
Definition and Description 

Patents Number of patents This indicator measures the number of patent 
families related to recycling and secondary raw 
materials, identified using relevant CPC codes 
associated with climate change mitigation tech-
nologies in wastewater treatment and waste 
management (Eurostat, 2025a).  

Resource 
Productivity 

EUR per kilogram Resource productivity is defined as the ratio of 
gross domestic product (GDP) to domestic mate-
rial consumption (DMC) (Eurostat, 2025b).  

GPPW  kg per capita The generation of Plastic Packaging Waste indi-
cator measures the per-capita generation of plas-
tic packaging waste. Packaging includes all ma-
terials used for the containment, protection, han-
dling, delivery, and presentation of goods 
throughout the supply chain (Eurostat, 2025c). 

Trade in raw 
materials 
(TRRM) 

tonne This indicator reflects cross-border trade in recy-
clable raw materials, capturing the international 
exchange of materials suitable for recycling and 
secondary use(Eurostat, 2025d). 

Employment persons Employment in CE Sectors measures employ-
ment in CE sectors, including recycling, repair 
and reuse, and rental and leasing activities (Eu-
rostat, 2025e). 

Recycling 
rate 
(RRPW) 

Percentage (%) The recycling rate of plastic packaging waste is 
defined as the share of recycled plastic packag-
ing waste relative to the total amount generated 
(Eurostat, 2025f). 

Recycling 
rate 

Percentage (%) The recycling rate of municipal waste is defined 
as the share of recycled municipal waste relative 
to the total amount of municipal waste generated. 
(Eurostat, 2025g). 

Source: compiled by the authors. 
 

 

Filling in missing values about the number of patents related to recycling 
and secondary raw materials is an important step. The patent dataset covers 
2012-2021; 2022 and 2023 were filled in using a Compound Annual Growth Rate 
(CAGR) projection (Dong, 2025). For the countries that were previously mathe-
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matically "Undefined" (due to a starting value of 0 in 2012), here is the calculation 
measured from their first non-zero year up to 2021: 

Slovenia: Starting from 2013 (value: 2) to 2021 (value: 1). The 8-year 
CAGR is -8.30%. The number of patents was calculated at 0.92 for 2022 and 0.84 
for 2023. 

Bulgaria, Greece, Cyprus, Malta: Because the final value in 2021 for all of 
these countries is 0, the mathematical formula interprets this as a total loss (a -
100% CAGR). Their future projections are permanently flatlined at 0.00 for both 
2022 and 2023. 

Missing values with information for the previous and subsequent years 
were filled with the average of the existing values. The final dataset includes 243 
rows from 2015 to 2023 from 27 EU countries. Observations with missing values 
in other variables were removed. This listwise deletion strategy ensured that the 
clustering and regression stages operated on a consistent sample. Then, all indi-
cators were normalised to remove scale-driven distortions and ensure equal con-
tribution to the distance metric used in clustering.Min-max normalisation on the 
0-1 scale was used. 

Correlation analysis and normalisation. To explore pairwise linear rela-
tionships between the indicators, Pearson correlation coefficients were computed. 
This allowed assessment of basic covariance structure, potential redundancies 
among variables, and the conceptual coherence of the indicator set.  

Fuzzy c-means clustering. To identify cross-country circular-economy ty-
pologies, we first estimated the Fuzzy c-means (FCM) clustering algorithm on the 
2023 cross-section. This step was used to determine the reference cluster struc-
ture and find the cluster centroids for the most recent year. The obtained 2023 
centroids were then retained as fixed reference points and used to calculate 
membership values for country-year observations in 2015–2022. Earlier observa-
tions were therefore not reclustered independently, but projected onto the 2023 
cluster structure and assigned to clusters according to the maximum-membership 
rule. This procedure ensures temporal comparability and allows changes over 
time to be interpreted as movement relative to a common benchmark typology. 

FCM is a soft clustering method that allows observations to belong to mul-
tiple clusters with varying membership degrees, unlike hard clustering methods 
such as k-means, which impose mutually exclusive assignments. Formally, FCM 

assigns each country a membership degree uik∈[0,1] to cluster k, subject to the 

constraint 1=∑
k

ikU . For interpretation, countries were assigned to the “winner” 

cluster based on the maximum membership coefficient (Bublyk et al., 2021).  
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Multinomial logistic regression for cluster drivers. When the clusters 
were created, the multidimensional logistic regression was used. It explains clus-
ter membership using the chosen variables. To investigate which circular-
economy indicators are associated with cluster membership, a multinomial logistic 
regression model was estimated with cluster_2 as the reference category. Posi-
tive coefficients indicate that higher values of a variable increase the probability of 
belonging to cluster j rather than cluster_2, holding all else constant; negative co-
efficients indicate the opposite. Statistical inference was conducted using z-tests 
and corresponding p-values (Agresti, 2002; Liang et al., 2020).  

Multicollinearity diagnostics: Variance Inflation Factors (VIF). Before 
estimation, multicollinearity was evaluated using VIF for all numeric predictors. 
VIF measures the extent to which the variance of an estimated coefficient is in-
flated due to linear dependence among regressors. Higher VIF values indicate 
stronger multicollinearity. Across all variables, VIF values remained below con-
ventional critical thresholds (5–10), indicating that multicollinearity did not com-
promise coefficient interpretability. In line with best practice (James et al., 2013), 
variables with VIFs exceeding 5 would have been considered for removal, but no 
such adjustments were necessary. 

 

 

Research Results 

The descriptive statistics reveal a high degree of variation across the ana-
lysed indicators, demonstrating pronounced structural differences in plastic waste 
management systems (Table 2).  

 

 

Table 2 

Descriptive statistics 

 Min Max 25% 
Quantile 

50% 
Quantile 
(Median) 

75% 
Quantile Mean St. dev 

Patents 0.0 137.60 0.22 3.94 18.67 13.13 20.77 
Resource pro-
ductivity 

0.30 7.42 1.08 1.65 2.85 2.03 1.26 

GPPW 12.50 72.95 23.88 30.6 37.16 31.26 9.96 
Trade in raw ma-
terials 

0.0 170829.0 1492.0 11928.0 29738.0 25928.56 36949.25 

Employment 6457.0 783930.0 40141.0 69339.0 134088.0 153784.33 190245.77 
Recycling rate 9.10 71.43 29.5 40.3 49.9 39.00 14.87 
RRPW 31.80 85.30 58.55 64.70 69.55 63.07 9.91 

Source: calculated by the authors based on data from Eurostat (2025a, 2025b, 2025c, 
2025d, 2025e, 2025f, 2025g). 
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Table 2 shows substantial cross-country heterogeneity in CE performance. 
Patents, employment, and trade in recyclable raw materials are strongly right-
skewed and highly dispersed, indicating that these capacity-related dimensions 
are concentrated in a limited number of countries. By contrast, GPPW and the re-
cycling rate are more evenly distributed, although recycling outcomes still vary 
considerably across the sample. Resource productivity shows moderate right 
skewness, suggesting that a smaller subset of observations achieves higher ma-
terial efficiency. Overall, the descriptive statistics point to a clear contrast between 
highly concentrated capacity-related indicators and more balanced outcome-
related indicators. 

Figure 1 presents the pairwise Pearson correlation coefficients among CE–
related indicators for EU countries over the 2015–2023 period. The results reveal 
several distinct structural relationships, indicating the presence of partially inde-
pendent dimensions within the EU CE framework. 

 

 

Figure 1 

Correlation analysis 

 

Source: calculated by the authors based on data from Eurostat (2025a, 2025b, 2025c, 
2025d, 2025e, 2025f, 2025g). 

 

 

The correlation matrix (Figure 1) reveals several meaningful relationships 
between the variables, highlighting structural links within plastic waste manage-
ment systems. 

The results indicate that innovation, economic scale, and trade intensity are 
closely interrelated. The recycling rate shows several moderate positive correla-
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tions (resource productivity = 0.53 and trade in raw materials = 0.45). Resource 
productivity is associated with both higher material use (r = 0.48) and higher sys-
tem efficiency (GPPW = 0.44). This indicates that more efficient economies and 
those integrated into material markets tend to achieve better recycling outcomes. 

Trade in raw materials reflects its central role in the CE system. It shows 
consistent moderate correlations with most variables.  

Waste generation exhibits weaker, less consistent relationships, suggesting 
that additional structural or behavioural factors drive it. The moderate correlations 
among recycling, productivity, and trade highlight the systemic nature of circular-
economy performance, in which multiple dimensions evolve together rather than 
independently. 

A strong positive correlation is observed between patents and employment 
(r = 0.81). It suggests that technological development and labour scale are closely 
connected. 

Innovation is associated with both increased material flows and improved 
recycling performance (raw materials (r = 0.54) and recycling rate (r = 0.49)). Em-
ployment shows a moderate correlation with trade in raw materials (r = 0.40), 
suggesting that larger economies are more active in raw-material trade. However, 
its relationship with the recycling rate (r = 0.27) and resource productivity (r = 
0.23) is relatively weak, indicating that scale alone does not ensure efficient or 
sustainable outcomes. 

The silhouette coefficient was used to determine the optimal number of 
clusters. This metric evaluates both cluster cohesion and separation. The results 
show that the highest silhouette value is obtained for 3 clusters (0.307). This indi-
cates the best overall balance between internal similarity and external separation 
among all tested solutions (Table 3). 
 

 

Table 3 

Silhouette coefficient 

Number of clusters Coefficient 
3 0.307 
4 0.290 
5 0.269 
6 0.298 
7 0.305 
8 0.264 
9 0.290 
10 0.228 
11 0.224 

Source: calculated by the authors based on data from Eurostat (2025a, 2025b, 2025c, 
2025d, 2025e, 2025f, 2025g). 



    L e s y aL e s y aL e s y aL e s y a     KKKK o l i n e t so l i n e t so l i n e t so l i n e t s ,  ,  ,  ,  O l g aO l g aO l g aO l g a     IIII u r a s o v au r a s o v au r a s o v au r a s o v a ,  ,  ,  ,  D a i v aD a i v aD a i v aD a i v a     JJJJ u r e v iu r e v iu r e v iu r e v i čččč i e ni e ni e ni e n ėėėė  

Circular economy development in EU countries 
through the lens of plastic recycling 

 

450 

Table 4 reports Fuzzy c-means (FCM) memberships for three clusters in 
2023. The results indicate three distinguishable but partially overlapping groups. 
Cluster_2 contains the largest number of countries in 2023. Cluster_1 represents 
a group of relatively advanced economies and Cluster_0 includes countries with 
weaker circular-economy profiles. Each country is characterised by a membership 
vector of weights, summing to one, reflecting the degree of similarity between the 
country’s indicator profile and each cluster centroid. The winner cluster indicates 
the maximum membership, but the magnitude of the winning membership pro-
vides essential information on classification certainty and structural hybridity. 

 

 

Table 4 

Fuzzy c-means clustering by country 2023 

Country Cluster_0 Cluster_1 Cluster_2 Winner 
Belgium 0.226 0.280 0.493 Cluster_2 
Czechia 0.287 0.098 0.615 Cluster_2 
Denmark 0.214 0.121 0.665 Cluster_2 
Estonia 0.445 0.099 0.455 Cluster_2 
Ireland 0.315 0.307 0.378 Cluster_2 
Latvia 0.254 0.110 0.636 Cluster_2 
Lithuania 0.230 0.105 0.665 Cluster_2 
Luxembourg 0.275 0.265 0.460 Cluster_2 
Austria 0.228 0.359 0.412 Cluster_2 
Slovenia 0.211 0.139 0.650 Cluster_2 
Slovakia 0.235 0.105 0.660 Cluster_2 
Finland 0.337 0.231 0.432 Cluster_2 
Germany 0.228 0.513 0.258 Cluster_1 
Spain 0.122 0.739 0.139 Cluster_1 
France 0.225 0.532 0.244 Cluster_1 
Italy 0.104 0.768 0.128 Cluster_1 
Netherlands 0.248 0.458 0.294 Cluster_1 
Sweden 0.316 0.355 0.330 Cluster_1 
Bulgaria 0.650 0.118 0.231 Cluster_0 
Greece 0.728 0.090 0.182 Cluster_0 
Croatia 0.512 0.117 0.372 Cluster_0 
Cyprus 0.667 0.109 0.224 Cluster_0 
Hungary 0.486 0.126 0.388 Cluster_0 
Malta 0.560 0.150 0.289 Cluster_0 
Poland 0.454 0.240 0.307 Cluster_0 
Portugal 0.527 0.131 0.342 Cluster_0 
Romania 0.582 0.166 0.251 Cluster_0 

Source: calculated by the authors based on data from Eurostat (2025a, 2025b, 2025c, 
2025d, 2025e, 2025f, 2025g). 
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The results reveal a clear but not absolute grouping structure, with varying 
degrees of membership across countries. 

Table 4 shows that the clustering structure across EU countries is clear, but 
not strictly discrete. Cluster_2 contains the largest group of countries and is asso-
ciated with relatively high membership values for most assigned cases, indicating 
a comparatively coherent profile. Estonia and Ireland exhibit more balanced 
memberships across clusters, pointing to transitional characteristics. Cluster_1 
includes a smaller number of countries, with especially strong membership values 
observed for Spain and Italy, while Sweden appears less distinctly assigned be-
cause its membership coefficients are distributed more evenly. Cluster_0 is also 
reasonably consistent, although Poland and Hungary display some overlap with 
other clusters. The results of Table 4 suggest that circular economy performance 
across EU countries is organised into distinguishable yet partially overlapping pat-
terns, highlighting the value of fuzzy clustering for identifying both dominant affilia-
tions and borderline cases. 

Figure 2 presents the distribution of the selected indicators across the three 
clusters and highlights their structural differences. 

 

 

Figure 2 

Difference by cluster by factor 

 

Source: calculated by the authors based on data from Eurostat (2025a, 2025b, 2025c, 
2025d, 2025e, 2025f, 2025g). 
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The cluster-specific descriptive statistics demonstrate structural differences 
between the three groups, indicating distinct profiles of plastic waste management 
performance. 

Cluster_0 is characterised by comparatively low median values across 
most indicators. Patent activity is minimal (median = 0.000), indicating almost no 
innovation capacity. Employment is also low (0.114), suggesting limited economic 
scale in the sector. Waste-related indicators show weak performance. The me-
dian recycling rate is very low (0.089), and resource productivity is also limited 
(0.146). Trade in raw materials is marginal (0.042). The quartile range is narrow, 
especially for patents and trade, confirming low variability but also uniformly weak 
performance. Maximum values remain relatively low compared to other clusters, 
indicating the absence of strong outliers. Cluster_0 should not be interpreted as a 
fully homogeneous group of lagging countries, but rather as a group tending to-
ward weaker innovation, efficiency, and market integration outcomes. 

Cluster_1 shows the highest median values across all indicators and ap-
pears to represent the relatively strongest performance profile. Patent activity 
(0.409) and employment (0.602) are higher than in other clusters, indicating 
strong innovation and economic scale. The median recycling rate is high (0.599), 
resource productivity is comparatively strong (0.473), and trade in raw materials is 
the highest (0.600), suggesting more developed market integration. Nevertheless, 
in light of the moderate silhouette coefficient, this cluster should be interpreted as 
representing a relatively advanced profile rather than a clearly isolated group of 
leaders, since some overlap with other clusters remains possible. 

Cluster_2 displays a mixed profile.Innovation (patents = 0.040) and em-
ployment (0.052) are low, similar to Cluster_0. Trade is also low (0.035). Recy-
cling performance is the highest among all clusters (median = 0.664). This indi-
cates strong waste management outcomes despite weaker economic and innova-
tion capacity. Resource productivity is moderate (0.215), higher than Cluster_0 
but lower than Cluster_1. The quartile distribution shows that recycling rates re-
main consistently high (0.558–0.780 range), while other indicators remain low. 
This pattern may reflect a model in which stronger recycling outcomes are 
achieved without equally strong innovation or industrial scale. Still, because the 
clustering structure is only moderately separated, this profile should be seen as a 
dominant tendency rather than a fully distinct type. 

The results indicate that the three clusters capture broad differences in cir-
cular economy performance, but the moderate silhouette coefficient suggests that 
these differences are not absolute. Accordingly, the cluster solution is useful for 
identifying general performance patterns and relative country positions, while pre-
serving the possibility of overlap and intermediate characteristics between groups. 

Figure 3 visualises the pairwise projection by country by cluster. There is 
no complete separation between clusters because clustering was performed in a 
multidimensional space, while the plots show only two dimensions at a time. This 
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visualisation allows assessment of both cluster separation and overlap across 
multiple dimensions. Overlapping appears when variables do not capture the full 
cluster structure. 

 

 

Figure 3 

Deviation of the countries by cluster by variable  

 
Source: calculated by the authors based on data from Eurostat (2025a, 2025b, 2025c, 
2025d, 2025e, 2025f, 2025g). 

 

 

Cluster_0 is also relatively visible. Points are concentrated near the lower-
left region in most plots. Cluster_2 occupies a transitional space in the feature 
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space. It overlaps with Cluster_0 on economic variables and with Cluster_1 on 
recycling-related variables. 

The fuzzy clustering results over time reveal clear transition patterns be-
tween clusters, reflecting different development trajectories in plastic waste man-
agement systems (Appendix A, Table A1). 

The clustering structure is relatively stable but not fixed, as several coun-
tries gradually transitioned between profiles over time. Cluster_1 appears to be 
the most stable and compact group. Germany, France, Italy, and the Netherlands 
remained in Cluster_1 throughout the 2015–2022 period. Spain joined this group 
in 2016 and remained there thereafter. This indicates a highly persistent cluster 
core with very limited movement. Poland was the only temporary entrant, moving 
from Cluster_0 to Cluster_1 in 2021 and then shifting to Cluster_2 in 2022. Over-
all, this cluster represents a comparatively stable and clearly defined profile. 

Cluster_0 shows a gradual reduction in size over time, as several countries 
moved out of the lowest-performing profile. In 2015, Cluster_0 contained the larg-
est number of countries, including Bulgaria, Czechia, Estonia, Greece, Spain, 
Croatia, Cyprus, Latvia, Lithuania, Hungary, Malta, Poland, Portugal, Romania, 
and Slovakia. Over time, a number of these countries transitioned to Cluster_2. 
Lithuania moved from Cluster_0 to Cluster_2 in 2016 and remained there thereaf-
ter. Hungary shifted from Cluster_0 to Cluster_2 in 2018, although later classifica-
tions placed it again in Cluster_0. Latvia and Slovakia both moved from Cluster_0 
to Cluster_2 in 2019 and remained there in subsequent years. Czechia transi-
tioned from Cluster_0 to Cluster_2 in 2020 and stayed there thereafter. Poland 
followed a more complex path, remaining in Cluster_0 until 2020, moving to Clus-
ter_1 in 2021, and then shifting to Cluster_2 in 2022. These transitions indicate 
improvements in recycling performance, even without strong increases in innova-
tion or economic scale. They reflect policy-driven progress, such as better waste 
collection systems and recycling targets. Poland shows a more unstable trajec-
tory, including temporary movement toward a higher-performing profile. 

Cluster_2 appears to be the most dynamic and expansive cluster. It ab-
sorbed countries transitioning from Cluster_0 and became the dominant cluster in 
the later years of the sample. Belgium, Denmark, Ireland, Luxembourg, Austria, 
Slovenia, and Finland remained in Cluster_2 throughout the whole period. Swe-
den belonged to Cluster_1 in 2015, but moved to Cluster_2 in 2016 and stayed 
there thereafter. Lithuania joined Cluster_2 in 2016, Hungary in 2018, Latvia and 
Slovakia in 2019, Czechia in 2020, and Poland in 2022. This expansion suggests 
that Cluster_2 serves as a broad intermediate or alternative performance profile, 
capturing countries that improved relative to Cluster_0 but did not belong to the 
stable core of Cluster_1. 

The transition pattern suggests three different levels of temporal stability. 
Cluster_1 has the strongest persistence and the clearest core membership. Clus-
ter_0 gradually shrank as several countries moved out of it over time. Finally, Clus-
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ter_2 served as the primary destination for most transitions and became the largest 
grouping in the later period. This means that the clusters should not be interpreted 
only as static cross-sectional categories, but also as reflecting movement in country 
profiles over time. Cluster_2 appears to represent an important transitional or mixed 
profile rather than a small, isolated group. Table 5 reports a multinomial logistic re-
gression with Cluster_2 as the reference category (baseline).  

 

 

Table 5 

Multinomial logistic regression by clusters 

Logit Variable Coeff. Std. Err. z-score P>|z| 
Patents -0.243 0.311 -0.784 0.433 
Resource productivity -0.233 0.305 -0.766 0.444 
GPPW -0.279 0.300 -0.931 0.352 
TRRM -0.678 0.288 -2.353 0.019 
Recycling rate 0.587 0.293 2.007 0.045 
RRPW -0.653 0.300 -2.173 0.030 
Employment -0.766 0.290 -2.639 0.008 

Cluster_0 

Constant 0.866 0.309 2.803 0.005 
Patents -0.330 0.308 -1.068 0.285 
Resource productivity -0.262 0.305 -0.8596 0.390 
GPPW -0.297 0.301 -0.987 0.324 
TRRM -0.597 0.294 -2.035 0.042 
Recycling rate -0.989 0.294 -3.362 0.001 
RRPW -0.639 0.301 -2.120 0.034 
Employment -0.365 0.295 -1.234 0.217 

Cluster_1 

Constant 1.722 0.342 5.040 0.000 

Source: calculated by the authors based on data from Eurostat (2025a, 2025b, 2025c, 
2025d, 2025e, 2025f, 2025g). 

 

 

The positive, statistically significant coefficient for the recycling rate indi-
cates that stronger recycling performance is associated with a higher likelihood of 
belonging to Cluster_2, while the negative, significant coefficients for employ-
ment, trade in recyclable raw materials, and plastic packaging recycling point to 
weaker economic scale and lower market integration. This pattern supports the 
interpretation of Cluster_2 as an efficiency-driven profile, characterised by com-
paratively strong waste-management outcomes without broader structural depth. 

By contrast, the comparison between Cluster_1 and Cluster_2 suggests a 
different configuration. Significant negative coefficients for the recycling rate, 
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trade in recyclable raw materials, and plastic packaging recycling indicate that 
membership in Cluster_1 cannot be explained solely by these indicators. Instead, 
Cluster_1 appears to reflect a more integrated and system-level form of CE per-
formance, in which no single indicator dominates. The lack of significance for pat-
ents, resource productivity, and GPPW further suggests that differences between 
clusters are driven less by isolated factor effects than by broader multidimen-
sional configurations. 

Variance Inflation Factors (VIFs) were calculated to assess multicollinearity 
among the explanatory variables (Table 6).  

 

 

Table 6 

Variance Inflation Factors (VIF) across all numeric variables 

Factor Variance Inflation Factors 
Patents 4.56 

Resource productivity 1.53 
GPPW 1.33 
TRRM 2.44 

Recycling rate 2.40 
RRPW 2.01 

Employment 4.47 

Source: calculated by the authors based on data from Eurostat (2025a, 2025b, 2025c, 
2025d, 2025e, 2025f, 2025g). 

 

 

All VIF values range from 1.33 to 4.56, indicating moderate but acceptable 
multicollinearity. None of the variables exceeds the chosen thresholds of 5. Multi-
collinearity does not impact the stability or interpretability of the regression esti-
mates. 

The model does not suffer from severe multicollinearity. The moderate VIF 
values for patents and employment suggest some shared structural effects, which 
should be considered when interpreting their individual contributions. 

The findings suggest that countries’ structural profiles should differentiate 
circular-economy policy in the EU. For Cluster_0 countries, priority should be 
given to basic capacity-building, including waste collection, sorting infrastructure, 
and regulatory compliance. For Cluster_2 countries, which have relatively good 
recycling performance but weaker innovation and employment capabilities, poli-
cies should focus on research development, better integration into secondary raw 
materials markets and skills development in the CE. For Cluster_1 countries, pol-
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icy should focus on innovation, knowledge transfer, and the dissemination of best 
practices in the CE within the EU, as the transfer of successful development ex-
perience may support structural transformation in lower-performing systems 
(Freyer et al., 2021). More broadly, the results support the need for funding and 
monitoring frameworks that distinguish between capacity-building needs and out-
come-based performance, rather than applying uniform policy expectations 
across all member states. 

To summarise the policy implications of the cluster analysis, Table B1 (Ap-
pendix B), presents a schematic overview of the authors’ proposals for strength-
ening the European circular economy framework. The scheme links each country 
profile with the main structural weaknesses identified in the study and the corre-
sponding policy priorities. 

 

 

Discussion 

This study sharpens the interpretation of plastics-related recycling indica-
tors by showing that they signal circular progress only when embedded in broader 
technological, socio-economic, and market capacities. This supports Moraga et 
al. (2019), Saidani et al. (2019), and De Pascale et al. (2021), who argue that cir-
cular economy indicators differ by scope, system level, and analytical function. 
The findings also align with systemic definitions of circularity (Geissdoerfer et al., 
2017; Kirchherr et al., 2023). 

The study complements Fura et al. (2020), Kamali Saraji and Torabi 
(2025), and Pakuła et al. (2025) by showing that EU circular economy differences 
are not only cross-country, but also structural and indicator sensitive.  

Overall, the study shows that plastic recycling progress and circular econ-
omy maturity are related but not equivalent. Plastics-related indicators should 
therefore be interpreted within a broader capacity-based monitoring framework, 
rather than as isolated measures of national circular economy development, as 
also recommended by the OECD (2024). 

 

 

Conclusions 

The results indicate that CE performance in the EU during 2015–2023 is 
characterised by at least two partially independent dimensions: a capacity-
oriented dimension encompassing innovation, trade in secondary materials, and 
employment, and an outcome-oriented dimension reflecting recycling perform-
ance. This distinction provides a useful analytical framework for understanding 
why countries may achieve similar recycling outcomes through different structural 
configurations. 
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The FCM results indicate that countries are not strictly separated into dis-
tinct groups but instead display overlapping characteristics and shared features. 

The coexistence of clearly defined core members and countries with more 
balanced memberships suggests that performance levels evolve along a contin-
uum of development. Some countries occupy intermediate positions, reflecting 
partial alignment with multiple cluster profiles. 

These findings confirm that fuzzy clustering captures both heterogeneity 
and transitional dynamics that hard classification methods cannot fully describe. 

The cluster comparison further demonstrates that CE performance is multi-
dimensional, not only in level but also in structure. Cluster_1 shows balanced, 
relatively strong performance across all major dimensions and represents the 
most integrated circular-economy profile. Cluster_2 achieves comparatively 
strong recycling outcomes through an alternative pathway, combining high recy-
cling performance with weaker innovation, employment, and trade integration. 
Cluster_0 remains behind on most indicators, highlighting the need for broader 
structural improvements. These differences provide a basis for more differentiated 
policy strategies across country groups. 

The temporal dynamics confirm that the development of plastic waste 
management is evolutionary rather than abrupt. Countries typically move from 
low-performing systems to efficiency-driven models before reaching fully ad-
vanced circular-economy structures. 

The dominance of transitions toward Cluster_2 indicates that recycling im-
provements are achievable without a full economic transformation, whereas 
reaching Cluster_1 requires broader systemic change, including innovation ca-
pacity and market integration. 

The multinomial regression confirms that cluster differentiation is driven by 
distinct combinations of factors rather than isolated indicators. While improve-
ments in recycling rates are sufficient to move countries from low- to intermediate-
performance clusters, transitioning to advanced systems requires broader struc-
tural transformation, including the systemic integration of material flows and the 
development of institutional capacity. 

The multicollinearity diagnostics indicate a well-specified model, where cor-
relations among predictors are present but not excessive. The balance between 
independence and interrelatedness reflects the inherent complexity of plastic 
waste management systems, in which economic, technological, and environ-
mental factors are inherently interconnected. 

Overall, the empirical results confirm the three proposed hypotheses and 
show that, when assessed through plastics-related indicators, CE performance 
across EU countries is multidimensional, clustered, and not reducible to recycling 
performance alone. 
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This study has several limitations. First, the analysis relies on a limited set 
of macro-level indicators. Second, the clustering results are sensitive to indicator 
selection and normalisation choices. Third, patent values for 2022–2023 were es-
timated using a CAGR-based projection, which may introduce uncertainty into the 
innovation-capacity dimension. Future research should update the analysis when 
complete patent data become available. Finally, the regression analysis identifies 
statistical associations with cluster membership rather than causal relationships. 
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Appendix A 

Table A1 

Country clusters by year 

Year Countries Cluster 
Bulgaria, Czechia, Estonia, Greece, Spain, Croatia, Cyprus, Latvia, 
Lithuania, Hungary, Malta, Poland, Portugal, Romania, Slovakia 

Cluster_0 

Germany, France, Italy, Netherlands, Sweden Cluster_1 

2015 

Belgium, Denmark, Ireland, Luxembourg, Austria, Slovenia, Finland Cluster_2 
Bulgaria, Czechia, Estonia, Greece, Croatia, Cyprus, Latvia, Hungary, 
Malta, Poland, Portugal, Romania, Slovakia 

Cluster_0 

Germany, Spain, France, Italy, Netherlands Cluster_1 

2016 

Belgium, Denmark, Ireland, Lithuania, Luxembourg, Austria, Slovenia, Fin-
land, Sweden 

Cluster_2 

Bulgaria, Czechia, Estonia, Greece, Croatia, Cyprus, Latvia, Hungary, 
Malta, Poland, Portugal, Romania, Slovakia 

Cluster_0 

Germany, Spain, France, Italy, Netherlands Cluster_1 

2017 

Belgium, Denmark, Ireland, Lithuania, Luxembourg, Austria, Slovenia, Fin-
land, Sweden 

Cluster_2 

Bulgaria, Czechia, Estonia, Greece, Croatia, Cyprus, Latvia, Malta, Po-
land, Portugal, Romania, Slovakia 

Cluster_0 

Germany, Spain, France, Italy, Netherlands Cluster_1 

2018 

Belgium, Denmark, Ireland, Lithuania, Luxembourg, Hungary, Austria, 
Slovenia, Finland, Sweden 

Cluster_2 

Bulgaria, Czechia, Estonia, Greece, Croatia, Cyprus, Hungary, Malta, Po-
land, Portugal, Romania 

Cluster_0 

Germany, Spain, France, Italy, Netherlands Cluster_1 

2019 

Belgium, Denmark, Ireland, Latvia, Lithuania, Luxembourg, Austria, Slo-
venia, Slovakia, Finland, Sweden 

Cluster_2 

Bulgaria, Estonia, Greece, Croatia, Cyprus, Hungary, Malta, Poland, Por-
tugal, Romania 

Cluster_0 

Germany, Spain, France, Italy, Netherlands Cluster_1 

2020 

Belgium, Czechia, Denmark, Ireland, Latvia, Lithuania, Luxembourg, Aus-
tria, Slovenia, Slovakia, Finland, Sweden 

Cluster_2 

Bulgaria, Estonia, Greece, Croatia, Cyprus, Hungary, Malta, Portugal, 
Romania 

Cluster_0 

Germany, Spain, France, Italy, Netherlands, Poland Cluster_1 

2021 

Belgium, Czechia, Denmark, Ireland, Latvia, Lithuania, Luxembourg, Aus-
tria, Slovenia, Slovakia, Finland, Sweden 

Cluster_2 

Bulgaria, Estonia, Greece, Croatia, Cyprus, Hungary, Malta, Portugal, 
Romania 

Cluster_0 

Germany, Spain, France, Italy, Netherlands Cluster_1 

2022 

Belgium, Czechia, Denmark, Ireland, Latvia, Lithuania, Luxembourg, Aus-
tria, Poland, Slovenia, Slovakia, Finland, Sweden 

Cluster_2 

Source: calculated by the authors based on data from Eurostat (2025a, 2025b, 
2025c, 2025d, 2025e, 2025f, 2025g). 
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Appendix B 

Table B1 

Policy implications of the clustering results for strengthening the EU circu-
lar economy framework 

Cluster profile Main weakness Policy priority 

Cluster_0: weaker 
circular-economy 
profile 

Low innovation, recycling, 
resource productivity, and 
market integration 

Basic waste-management infrastructure, 
sorting systems, regulatory compliance, 
targeted cohesion funding 

Cluster_1: relatively 
advanced inte-
grated profile 

Need to maintain systemic 
leadership and transfer ex-
perience 

Innovation diffusion, best-practice trans-
fer, cross-border cooperation, advanced 
circular technologies 

Cluster_2: 
mixed/efficiency-
driven profile 

Strong recycling outcomes 
but weaker innovation, em-
ployment, and market inte-
gration 

R&D support, circular skills, secondary 
raw material markets, industrial upgrad-
ing 

Source: own research. 
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