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ARTICLE INFO ABSTRACT
Keywords: The transition to a circular economy (CE) is increasingly promoted as a strategy for achieving sustainable
Circular economy development, yet empirical evidence on its simultaneous impacts across environmental, economic, and social

Sustainable development
Ecological modernization
CO, emissions

dimensions remains limited. Anchored in Ecological Modernization Theory, this study examines how CE adop-
tion influences sustainability outcomes in 18 European Union countries over 2010-2019 using two-way fixed-
Unemployment effects panel regressions on data from Eurostat, World Bank, and OECD sources. Circular material uses rate serves
panel data as the core CE indicator, with key drivers including renewable energy shares, renewable energy in transport,
European union municipal waste, and socio-economic controls. Results show that a 1% increase in circular material use is
SDGs associated with a 0.048% reduction in CO2 emissions (p = 0.002), confirming significant environmental benefits
(SDG 13, SDG 12). Renewable energy in transport exerts a stronger mitigating effect (—0.104%, p < 0.001),
supporting sectoral decarbonization (SDG 7). Economic growth strongly drives CE adoption (0.806%, p = 0.001),
but CE shows no significant direct effect on GDP per capita, indicating relative rather than absolute decoupling.
Socially, CE modestly reduces unemployment (—0.097%, p = 0.022), while efficient waste management gen-
erates substantial labor-market benefits (—0.728%, p < 0.001), aligning with SDG 8 and SDG 10. However,
renewables in transport associate with higher unemployment (0.217%, p = 0.001), highlighting transitional
displacement risks. The findings affirm CE’s potential to deliver environmental and social co-benefits under
deliberate policy steering, while underscoring persistent growth-emissions coupling and spatial constraints
(negative density effect: —2.580%, p = 0.011). These results extend Ecological Modernization Theory by
revealing both synergies and trade-offs in European CE transitions and provide evidence-based guidance for
integrated policies that maximize multi-dimensional sustainability outcomes.

1. Introduction ecological pressures increasingly challenge long-term development
pathways (WCED, 1987). Sustainability challenges have evolved over

The pursuit of sustainable development has become a central several decades alongside industrial expansion and growing energy
concern in global economic and environmental policy debates as demand, intensifying pressures on natural systems and socio-economic
accelerating resource consumption, environmental degradation, and stability (Sun et al., 2024; Shi et al., 2024; Byaro et al., 2023). In
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response to these global concerns, the United Nations introduced the 17
Sustainable Development Goals (SDGs) in 2015 to promote balanced
progress across environmental protection, economic prosperity, and
social well-being (Sodhi and Tang, 2024; Preston, 2024). Achieving
these goals remains difficult due to structural constraints such as
resource scarcity, inefficient production systems, infrastructure limita-
tions, and institutional challenges faced by many economies (Masood
et al., 2023; Mpofu, 2022).

A major contributor to these sustainability challenges is the pre-
dominance of the linear economic model, characterized by a “take-
-make-dispose” production system that assumes unlimited resource
availability and generates significant environmental externalities. This
model has led to increased pollution, material depletion, and carbon
emissions, thereby undermining sustainable growth prospects
(Geissdoerfer et al., 2017). As an alternative, the Circular Economy (CE)
has emerged as a promising framework for decoupling economic growth
from resource consumption through strategies that emphasize reuse,
recycling, resource efficiency, and waste minimization (Pearce and
Turner, 1989; Ellen MacArthur Foundation, 2015). Policymakers and
institutions increasingly recognize CE as a practical pathway toward
achieving sustainability objectives and advancing SDG implementation
(Rodriguez-Antoén et al., 2022; Dantas et al., 2021).

The European Union (EU) has assumed a leading role in promoting
circular economy transitions through coordinated regulatory and policy
initiatives, particularly following the adoption of the EU Circular
Economy Action Plan in 2015 (Bianchi and Cordella, 2023;
Rodriguez-Anton et al., 2022). These initiatives aim to simultaneously
address environmental degradation, economic competitiveness, and
employment generation. Prior studies highlight that CE practices
contribute to several SDGs, including good health and well-being (SDG
3), affordable and clean energy (SDG 7), decent work and economic
growth (SDG 8), sustainable cities and communities (SDG 11), respon-
sible consumption and production (SDG 12), and life on land (SDG 15)
(Knable et al., 2022; Rodriguez-Antén et al., 2022; Dantas et al., 2021).
Consequently, circular economy transition is increasingly viewed as an
integrative mechanism linking environmental performance with
socio-economic development outcomes.

Despite growing scholarly attention, empirical evidence examining
how circular economy transitions jointly influence environmental,
economic, and social sustainability dimensions remains limited. Existing
research often focuses on partial relationships, such as econom-
ic—environmental or environmental-social interactions, rather than
providing a comprehensive assessment across all sustainability pillars
(Gandolfo and Lupi, 2021; Kuo and Chang, 2021; Bai et al., 2022;
Walker et al., 2021). Moreover, the role of specific CE drivers, including
renewable energy adoption, waste management efficiency, economic
development, and labor market dynamics in shaping multidimensional
sustainability outcomes has not been sufficiently examined within a
unified empirical framework (Chary et al., 2023). This fragmentation
creates a gap between theoretical discussions of circular economy
transition and quantitative evaluations aligned with SDG performance.

Consequently, this study seeks to answer: To what extent does the
transition toward a circular economy simultaneously drive environ-
mental, economic, and social sustainability in the European context? To
address this gap, the present study investigates the extent to which
circular economy transition contributes to sustainable development
across environmental, economic, and social dimensions using panel data
from 18 European Union countries over the period 2010-2019.
Anchored in Ecological Modernization Theory (EMT), the study con-
ceptualizes circular economy adoption as a modernization process
through which technological innovation, institutional transformation,
and energy transition enable compatibility between economic growth
and environmental protection (Buttel, 2000; Spaargaren and Mol,
2020). The empirical analysis evaluates how key CE drivers, including
circular material use, renewable energy, renewable energy in transport,
municipal waste dynamics, life expectancy, education, and population

Sustainable Horizons 19 (2026) 100192

density, affect carbon emissions, GDP performance, and unemployment
outcomes.

This study contributes to the sustainability and circular economy
literature in three main ways. First, it provides an integrated empirical
assessment of circular economy impacts across the environmental,
economic, and social dimensions of sustainability within a cross-country
EU framework. Second, it operationalizes the linkage between CE
drivers and SDG-related outcomes using harmonized macroeconomic
and environmental indicators. Third, by employing fixed-effects panel
estimation techniques, the study generates robust within-country evi-
dence on how circular transitions interact with energy structures and
socio-economic conditions to influence sustainability performance.
These contributions advance ongoing debates regarding whether cir-
cular economy strategies can deliver simultaneous environmental
improvement, economic resilience, and social inclusion.

The remainder of this paper is structured as follows. Section 2 pre-
sents the theoretical framework underpinning the analysis and develops
the conceptual foundations linking circular economy drivers to sus-
tainability outcomes. Section 3 reviews relevant literature and develops
research hypotheses. Section 4 describes the data and methodological
approach. Section 5 presents descriptive statistics and correlation
analysis, while Section 6 reports regression results and discussion. Sec-
tion 7 discusses the implications of the findings. Section 8 concludes the
study with a summary of key findings and policy recommendations.
Section 9 outlines study limitations and directions for future research.

2. Theoretical framework
2.1. Ecological modernization theory and sustainable development

This study adopts Ecological Modernization Theory (EMT) as the
primary theoretical lens for examining the relationship between circular
economy transition and sustainable development outcomes. EMT argues
that environmental protection and economic development are not
inherently contradictory but can evolve jointly through technological
innovation, institutional reform, and structural economic trans-
formation (Buttel, 2000; Murphy and Gouldson, 2000). Rather than
emphasizing limits to growth, ecological modernization perspectives
suggest that modern economies can reduce environmental pressures
through efficiency improvements, cleaner production systems, and
environmentally oriented policy frameworks (Spaargaren and Mol,
2020; Janicke, 2008).

A central premise of EMT is that governments, industries, and in-
ternational institutions increasingly internalize environmental concerns
within economic decision-making processes. Regulatory mechanisms,
technological advancement, and societal awareness collectively
encourage firms and economies to adopt environmentally efficient
production practices (Fisher and Freudenburg, 2001; Berger et al.,
2001). Consequently, modernization processes, when supported by
innovation and governance structures, can simultaneously enhance
competitiveness, environmental performance, and social welfare.

Within this framework, sustainability transitions emerge through
systemic transformations rather than economic contraction. EMT
therefore provides a suitable theoretical foundation for analyzing cir-
cular economy adoption as a mechanism through which environmental
objectives can be integrated into economic and social development
pathways.

2.2. Circular economy as a mechanism of ecological modernization

The Circular Economy (CE) operationalizes many of the core prin-
ciples proposed by ecological modernization theory by promoting closed
material loops, resource efficiency, renewable energy adoption, and
waste reduction. CE replaces linear production systems with regenera-
tive models designed to maintain materials and energy within economic
cycles for as long as possible (Geissdoerfer et al., 2017; Kirchherr et al.,
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2017).

From an EMT perspective, circular economy practices represent
technological and institutional innovations capable of reducing
ecological pressures without compromising economic productivity.
Strategies such as recycling, remanufacturing, eco-design, renewable
energy integration, and waste valorization enable economies to
decouple growth from environmental degradation (Huber, 2008). These
transformations are increasingly supported by environmental gover-
nance institutions, international organizations, and market incentives
that encourage sustainable production and consumption patterns.

The European Union provides an illustrative example of ecological
modernization in practice, where circular economy policies aim to
simultaneously promote industrial competitiveness, emissions reduc-
tion, and employment generation through coordinated regulatory
frameworks (Bianchi and Cordella, 2023; Sanz-Torro et al., 2025).
Accordingly, CE transition can be interpreted as an institutional
pathway through which modernization processes contribute to sus-
tainable development objectives.

2.3. Contemporary debates and critiques of the circular economy

Although circular economy strategies are frequently associated with
sustainability improvements, recent academic debates highlight that
circularity does not automatically guarantee sustainable outcomes.
Scholars emphasize potential rebound effects, trade-offs, and biophysi-
cal limitations that may constrain the environmental benefits of circular
systems (Korhonen et al., 2018; Giampietro, 2019). For example,
increased recycling or material recovery may still generate energy de-
mand or externalize environmental costs across regions. Critics further
argue that circular economy policies, if narrowly focused on material
efficiency without addressing consumption levels, risk perpetuating
growth-dependent economic structures rather than enabling the deeper
systemic transformation required for genuine sustainability (Bauwens,
2021; D'Alisa and Kallis, 2020).

Recent contributions further stress the importance of innovation
capability, entrepreneurial orientation, and institutional support in
determining successful circular transitions (Castro-Lopez et al., 2025;
Mazzoni and Sedita, 2025). Firm-level capabilities also matter: Liao
et al. (2025) demonstrate how dynamic capabilities enable organiza-
tions to identify and exploit circular economy opportunities in
technology-intensive sectors, while Sanz-Torro et al. (2025) show that
resource efficiency in SMEs depends on integrated support measures
combining green markets, technical assistance, and policy incentives.
Similarly, policy coordination and national governance frameworks play
a critical role in shaping circular economy performance across countries
(Sanz-Torro et al., 2025). Emerging research also links circular economy
adoption with corporate sustainability strategies, intangible organiza-
tional benefits, and evolving sustainability reporting practices aligned
with SDG implementation (Garcia-Sanchez et al., 2024; Gallego-Nicholls
et al., 2025). These debates suggest that the sustainability outcomes of
circular economy transition depend not only on technological adoption
but also on broader socio-economic conditions, energy structures, and
labor market dynamics. Consequently, empirical investigation is
required to assess whether circular economy drivers generate simulta-
neous environmental, economic, and social benefits.

2.4. Circular econony and the three dimensions of sustainability

Sustainable development is commonly conceptualized through three
interdependent dimensions: environmental sustainability, economic
resilience, and social inclusion. Ecological modernization theory implies
that circular economy transition may influence each of these dimensions
through distinct mechanisms.

First, environmentally, circular practices reduce reliance on virgin
resource extraction and fossil-fuel consumption, thereby lowering
greenhouse gas emissions and environmental degradation. Renewable
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energy deployment and circular material use contribute directly to
climate mitigation objectives. From an SDG perspective, these envi-
ronmental gains support SDG 12 (responsible consumption and pro-
duction) through waste reduction and resource efficiency, SDG 13
(climate action) through emissions reductions, and SDG 7 (affordable
and clean energy) through renewable energy integration.

Second, economically, circular economy adoption can enhance
productivity and competitiveness by improving resource efficiency and
stimulating innovation-driven growth. Investments in renewable energy
systems, recycling infrastructure, and sustainable production technolo-
gies may strengthen long-term economic resilience. These economic
mechanisms align with SDG 8 (decent work and economic growth) by
fostering sustainable economic expansion and SDG 9 (industry, inno-
vation, and infrastructure) through investments in sustainable industrial
capacity.

Third, socially, circular economy activities generate employment
opportunities in repair, reuse, recycling, and green technology sectors,
supporting inclusive labor market outcomes and regional development.
However, structural transitions may also create short-term labor
displacement, highlighting the importance of examining social out-
comes empirically. The employment and inclusion dimensions of cir-
cular transitions advance SDG 1 (no poverty) through income
generation, SDG 5 (gender equality) by creating accessible employment
across sectors, and SDG 10 (reduced inequalities) through regional
development and inclusive labor market participation.

Recognizing these multidimensional interactions, the present study
evaluates sustainability outcomes using three measurable indicators:
carbon emissions (environmental dimension), GDP per capita (economic
dimension), and unemployment rate (social dimension). By embedding
circular economy analysis within Ecological Modernization Theory and
explicitly linking each sustainability dimension to corresponding SDG
targets, this study provides a theoretically grounded framework for
assessing how circular transitions contribute to the multidimensional
sustainability agenda embodied in the SDGs.

2.5. Conceptual framework

Building on the theoretical foundations established in the preceding
sections, Fig. 1 presents the conceptual framework guiding this study.

This framework illustrates the theoretical relationships tested in the
study, grounded in Ecological Modernization Theory. The analysis is
organized around three sustainability dimensions, environmental, eco-
nomic, and social each operationalized through specific econometric
models.

It guides the econometric specification in Section 4, where fixed-
effects panel regression estimates the magnitude and significance of
these relationships across 18 EU countries (2010-2019). By explicitly
linking each sustainability dimension to corresponding SDG targets, the
visual representation provides a theoretically grounded basis for
assessing how circular transitions contribute to the multidimensional
sustainability agenda. This visual representation provides a theoretically
grounded basis for assessing how circular transitions contribute to the
multidimensional sustainability agenda embodied in the SDGs

3. Literature review and hypotheses development
3.1. Circular economy and environmental sustainability

A central objective of the circular economy is reducing environ-
mental pressures from resource extraction and waste generation. Cir-
cular production systems close material loops through recycling and
reuse, limiting dependence on virgin resources and reducing greenhouse
gas emissions (Geissdoerfer et al., 2017; Kirchherr et al., 2017). Within
Ecological Modernization Theory, technological innovation and
resource efficiency enable decoupling of economic activity from envi-
ronmental degradation (Janicke, 2008; Spaargaren and Mol, 2020).
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Ecological Modernization Theory

Three Sustainability Dimensions

Environmental

Economic

Social

Model 2 (CO2)

Model 3 (GDP)

Model 4 (UNE)

CE, EG, LE, RE, EDU,
RETR

CO,, UNE, CE, LE, MW,
RETR, EDU, POP

EG, CO., CE, MW,
RETR

Environmental SDGs

Economic SDGs

Social SDGs

- SDG 7 (RE, RETR)
- SDG 12 (CE, MW)

- SDG 8 (EG, UNE)
- SDG 9 (CE, RETR)

- SDG 3 (LE, CO2)
- SDG 4 (EDU)

(
. SDG 13 (CO»)
. SDG 15 (CE)

- SDG 8 (UNE)
- SDG 10 (UNE, LE)
- SDG 11 (POP, MW)

[ Model 1: CE Drivers 1

{ CE = f(EG, CO», POP, MW, RE, RETR) ’

Fig. 1. Conceptual framework linking circular economy to sustainability dimensions and SDG outcomes.

Source: Authors' own elaboration.

Circular material use operationalizes this process, reflecting substitution
of secondary for primary materials.

Empirical evidence supports these environmental benefits. Knable
et al. (2022) demonstrate that circular economy practices significantly
reduce carbon intensity across 28 EU countries. Hailemariam and
Erdiaw-Kwasie (2023) find that packaging waste circularity generates
long-run emission reductions of 0.48-0.71%. Liu and Zhang (2026)
confirm recycling-oriented circularity delivers significant emission re-
ductions in G-20 economies, though short-run adoption may tempo-
rarily increase emissions due to infrastructure adjustment costs.

Mechanistically, circularity reduces emissions from raw material
processing, landfill use, and energy-intensive production (Cudjoe et al.,
2021). Material recovery avoids emissions from virgin extraction, which
typically exceeds recycling energy requirements (Chen et al., 2020).
Circular practices also generate systemic efficiency gains extending
beyond direct material substitution (Bouattour et al. 2025).

However, environmental benefits depend critically on energy sys-
tems and may be attenuated by rebound effects. Korhonen et al. (2018)
emphasize that recycling requires energy; if fossil-fuel derived, emission
reductions diminish. Giampietro (2019) argues that "decoupling” claims
often ignore thermodynamic realities. These contingencies suggest cir-
cular economy and energy transition should be pursued jointly, a
proposition this study tests through renewable energy variables.

H1. Higher circular material use rates are associated with lower
CO-, emissions.

3.2. Renewable energy transition and environmental outcomes

Energy transition complements circular economy performance.
Renewable energy adoption reduces fossil fuel reliance and emissions
intensity (Ali et al., 2023). EMT posits that cleaner energy technologies
enhance modernization processes by enabling sustainable industrial
restructuring (Huber, 2008; Janicke, 2008).

Cross-country evidence confirms emissions reduction potential.

Alola et al. (2019) find renewable energy significantly reduces ecolog-
ical footprint in Europe. Ahmad et al. (2021) demonstrate synergistic
emission reductions from combining renewable energy and
eco-innovation.

Renewable energy in transport plays a critical role due to mobility
systems' high carbon intensity. The share of renewables in transport
captures structural transformation toward sustainable mobility
(European Environment Agency, 2022). Transport accounts for
one-quarter of EU emissions, making sectoral decarbonization essential.
Transport electrification and renewable fuel substitution contribute to
emissions reduction aligned with SDG 7 and SDG 13.

Bouattour et al. (2025) demonstrate that green innovation, renew-
able energy, and circular economy jointly reduce emissions, with sig-
nificant interaction effects suggesting complementarity. The emissions
elasticity of renewable energy increases when circular indicators are
included, indicating material and energy transitions reinforce one
another. However, relationships are context-dependent. Chen and Pao
(2022) find emissions-reducing effects strengthen over time as infra-
structure matures.

H2. Higher renewable energy shares are associated with lower
CO5 emissions.

H3. A higher share of renewable energy in transport is associated
with lower CO5 emissions.

3.3. Circular economy and economic sustainability

Beyond environmental benefits, circular economy is viewed as a
driver of economic resilience and productivity. Resource efficiency re-
duces costs, stimulates innovation, and creates new markets (Gandolfo
and Lupi, 2021; Kuo and Chang, 2021). EMT posits that environmental
innovation enhances competitiveness while supporting long-term eco-
nomic expansion (Murphy and Gouldson, 2000; Porter and van der
Linde, 1995).
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Empirical evidence on the circular economy-growth nexus is more
complex. Radivojevic et al. (2024) find strong positive correlations be-
tween circular indicators and GDP across 27 EU countries, with resource
productivity increases corresponding to 0.15-0.25% GDP growth. Chen
and Pao (2022) report bidirectional causality: circular adoption stimu-
lates growth, while wealthier economies invest more in circular
infrastructure.

Jakubelskas and Skvarciany (2025) confirm circular material use
positively affects GDP, though effect sizes vary, with newer member
states showing smaller elasticities, suggesting institutional maturity
moderates returns (Mazzoni and Sedita, 2025).

However, several studies report conditional findings. Knable et al.
(2022) find recycling rates show stronger growth associations than cir-
cular material uses in some specifications. Bouattour et al. (2025)
demonstrate growth effects are mediated by green innovation, sug-
gesting circularity without innovation yields limited benefits.

Theoretical debates on green growth versus post-growth further
complicate interpretation. Proponents argue technological innovation
progressively decouples emissions from growth (Chen et al., 2018; Dong
et al., 2022). Post-growth scholars contend absolute decoupling remains
elusive at climate-relevant scales (Bauwens, 2021; D'Alisa and Kallis,
2020).

GDP per capita serves as the economic sustainability indicator. The
mixed evidence suggests the relationship may be conditional on tech-
nological readiness, institutional quality, and policy support.

H4. Higher circular material use rates are associated with higher
GDP per capita.

3.4. Circular economy transition and social sustainability

Social sustainability links closely to labor market outcomes. Circular
activities, repair, recycling, renewable energy deployment, waste man-
agement, are generally more labor-intensive than linear production (Bai
et al., 2022; Walker et al., 2021), creating employment across skill
levels.

Empirical research on circular employment effects has expanded
rapidly. Multani et al. (2025) document growth in recycling and repair
sectors even during downturns, suggesting counter-cyclical patterns
contributing to labor market resilience. The ILO (2018) estimates cir-
cular transition could generate 6-8 million net new jobs globally by
2030.

Georgescu et al. (2025) find significant positive relationships be-
tween circular indicators and employment rates, while documenting
that social exclusion negatively affects labor market outcomes. Their
integrated approach demonstrates employment benefits are maximized
when accompanied by inclusive policies.

However, circular transitions may generate labor displacement.
Antikainen et al. (2018) note automation in recycling and renewable
sectors could limit employment gains for lower-skilled workers. Walker
et al. (2021) identify job displacement concerns in manufacturing and
mining as circular economy scales. Nikou et al. (2025) find bidirectional
causality between employment reforms and circular adoption, suggest-
ing flexible labor markets facilitate transitions.

From an EMT perspective, green transformation generates new
employment structures. However, net effects remain empirical questions
requiring careful estimation.

Unemployment rate captures labor market inclusion consistent with
SDG 8. The expectation is circular adoption reduces unemployment,
though transitional displacement may delay benefits.

H5. Higher circular material use rates are associated with lower
unemployment rates.

3.5. Waste intensity, linear structures, and circular performance

Municipal waste generation reflects persistence of linear
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consumption patterns. High waste intensity signals inefficient material
use and limited circular recovery (Korhonen et al., 2018), indicating
incomplete loop closure and continued dependence on disposable
systems.

EMT suggests successful sustainability transitions require reducing
material inefficiencies. Higher waste volumes should therefore associate
with weaker circular performance and poorer environmental outcomes.

Empirical evidence supports this. Liu and Zhang (2026) demonstrate
packaging waste reductions and improved recovery significantly lower
long-run emissions. Radivojevic et al. (2024) find municipal waste per
capita positively associates with GDP (reflecting consumption) while
negatively associating with circular material use, consistent with waste
as linear throughput marker.

Cudjoe et al. (2021) document substantial emission benefits from
diverting waste to recycling, suggesting high waste represents foregone
environmental and efficiency opportunities.

However, the waste-circularity relationship is not unidirectional.
High waste may also provide feedstock for circular processes, potential
that low-waste economies lack. This duality may explain positive but
insignificant coefficients when both linear signal and circular potential
create offsetting effects.

H6. Higher municipal waste generation is negatively associated
with circular material use.

3.6. Summary of research hypotheses

Table 1 summarizes research hypotheses and maps each to depen-
dent and independent variables for empirical testing in Section 4,
ensuring consistency between theoretical framework, hypotheses, and
econometric specifications.

4. Data and methodology
4.1. Research design and analytical approach

This study employs panel data econometrics to examine how circular
economy (CE) transitions influence sustainability outcomes across
environmental, economic, and social dimensions. Panel data methods
are particularly well suited to this research question because they con-
trol for unobserved country-specific heterogeneity while isolating
within-country variation over time (Arellano, 2005; Wooldridge, 2010;
Baltagi, 2008). The analysis covers 18 European Union member states
from 2010 to 2019, producing a balanced panel of 180 country-year
observations. The selected countries- Austria, Belgium, Czechia,
Denmark, Finland, France, Germany, Hungary, Ireland, Italy, Latvia,
Lithuania, Luxembourg, the Netherlands, Poland, Slovakia, Slovenia,
and Sweden- were chosen because they provide complete data series for
all core variables, particularly the Eurostat circular material use rate
indicator, which is not uniformly available for all EU members during
the period. Exclusion of countries with missing observations ensures a
balanced panel, which is essential for reliable fixed-effects estimation
and avoids the biases associated with unbalanced designs.

4.2. Sustainability dimensions and variable operationalization

Building on the theoretical framework established in Section 2, the
analysis is organized around three sustainability dimensions. Table 2
provides a comprehensive overview of all variables. The data were taken
from Eurostat, the World Development Indicators (WDI), and the Or-
ganization for Economic Cooperation and Development (OECD).

All continuous variables are log-transformed to enable coefficient
interpretation as elasticities. This transformation also helps normalize
distributions and reduce heteroskedasticity (Wooldridge, 2010).
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Table 1

Hypothesis summary and empirical specification.
Hypothesis Statement Dependent Variable Key Independent Variable Expected Sign Model
H1 Higher circular material use — lower CO, CO;, emissions Circular material use (CE) Negative Model 2
H2 Higher renewable energy — lower CO, CO; emissions Renewable energy share (RE) Negative Model 2
H3 Higher renewables in transport — lower CO, CO, emissions Renewables in transport (RETR) Negative Model 2
H4 Higher circular material use — higher GDP GDP per capita Circular material use (CE) Positive Model 3
H5 Higher circular material use — lower unemployment Unemployment rate Circular material use (CE) Negative Model 4
H6 Higher municipal waste — lower circular use Circular material use Municipal waste (MW) Negative Model 1

Note: All models include control variables (life expectancy, education, population density) as specified in Section 4.

Table 2

Variable definitions, sources, and dimensional classification.
Variable Abbreviation  Operational Definition Unit Dimension Source
Circular material use rate CE Share of material recovered and fed back into the economy % CE driver Eurostat
CO,, emissions CO, Carbon dioxide emissions from fossil fuel combustion and cement production  kt (log) Environmental ~ WDI
Renewable energy RE Share of renewable energy in gross final energy consumption % Environmental =~ WDI
Renewable energy in transport ~ RETR Share of energy from renewable sources in transport % Environmental  Eurostat
Municipal waste MW Municipal waste generation per capita tonnes (log) Environmental =~ OECD
Economic EG Gross domestic product per capita (constant 2015 US$) $ (log) Economic WDI

growth
Unemployment rate UNE Unemployed persons as % of labor force % (log) Social WDI
Life expectancy LE Life expectancy at birth years (log) Social WDI
Education EDU Secondary school enrollment rate % (log) Social WDI
Population density POP Population per square kilometer persons/km? Control WDI
(log)

4.3. Theoretical justification of variable selection

Variable selection is firmly grounded in Ecological Modernization
Theory (EMT) and the SDG linkages articulated in Sections 2 and 3. COy
emissions serve as the primary environmental outcome measure (SDG
13), directly reflecting the climate impacts of material throughput and
energy systems and providing a sensitive indicator of CE-driven
decoupling. The circular material use rate (CE) operationalizes the
core EMT principle of closing material loops and functions as both
dependent and independent variable across models, consistent with H1,
H4, and H5. Renewable energy shares (RE) and the transport-specific
renewable share (RETR) capture the energy-transition mechanisms
emphasized in H2 and H3, addressing SDG 7 while reducing emissions
intensity in high-impact sectors (EEA, 2022). Municipal waste genera-
tion per capita (MW) proxies the persistence of linear flows and tests H6
by signaling incomplete circularity (Korhonen et al., 2018).

On the economic side, economic growth (EG) evaluates whether CE
adoption supports green growth and decoupling (SDG 8 and SDG 9), as
posited in H4. Social outcomes are captured through the unemployment
rate (UNE), which reflects labor-market inclusion and the job-creation
potential of CE activities in repair, recycling, and green technologies
(H5; ILO, 2018; Bai et al., 2022). Life expectancy (LE) and secondary
education enrolment (EDU) serve as additional social and human-capital
controls, capturing health improvements from reduced pollution (SDG
3) and the role of awareness and innovation capacity in facilitating
sustainability transitions (SDG 4; Kostakis and Tsagarakis, 2022).

Population density (POP) is included as a standard control for ur-
banization effects, accounting for both scale economies in infrastructure
and potential concentration of environmental pressures (Liddle, 2014).

Fig. 2 shows the map of the decadal average of log-transformed
population density (persons per km?) for the 18 EU countries included
in the analysis. Darker shades indicate higher population density. The
map reveals substantial spatial heterogeneity: Benelux countries
(Netherlands, Belgium, Luxembourg) and Germany exhibit the highest
densities, while Nordic countries (Finland, Sweden) and Baltic states
(Latvia, Lithuania) show substantially lower densities. This spatial
variation justifies the inclusion of population density as a control vari-
able in the econometric specifications, as these structural differences
may influence waste management infrastructure, collection logistics,

Average Population Density Across 18 EU Countries
Decadal Average (2010-2019) — Log-Transformed Values
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Data: Eurostat / World Development Indicators. Darker colors indicate higher density.

Fig. 2. Average population density across 18 EU countries (2010-2019).

and the feasibility of circular economy initiatives independent of policy
choices.

To systematically assess circular economy impacts across sustain-
ability dimensions, four panel data models are specified corresponding
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to different analytical objectives. Each model is estimated with country
and year fixed effects to control for time-invariant country characteris-
tics and common temporal shocks.

Model 1: Drivers of Circular Economy Adoption

This model examines factors influencing circular economy adoption,
treating circular material use as an outcome shaped by economic,
environmental, and policy variables. The specification tests H6
regarding the relationship between waste generation and circularity,
while controlling for energy transition and economic development:

In(CEy) = a; + p1In(EGy) + p,In(CO24) + f5In(POPy) + f,In(MWy)
+ PsIn(REi) + fgIn(RETRy) + A + p; + €ie

Model 2: Environmental Sustainability

This model evaluates how circular economy adoption and related
drivers influence environmental outcomes, directly testing H1, H2 and
H3:

In(CO2;) = a; + p1In(CEy) + PoIn(EGy) + psln(LEy) + p4In(RE;)
+ psIn(EDUy;) + PIn(RETR:) + Ac + p; + €

Model 3: Economic Sustainability

This model assesses whether circular economy adoption contributes
to economic prosperity, testing H4 while controlling for labor market
conditions, health, education, and demographic factors:

ln(EGit) = Q; -+ ﬁl ln(CO2lt) + ﬂzln(UNEit) + ﬁgln(CEﬁ) + /i,ln(LEit)
+ BsIn(MWy) + B¢In(RETR;;) + p,In(EDU;) + Bgln(POP;,) + A,
+ Mt Ei

Model 4: Social Sustainability

This model examines labor market effects of circular economy
transitions, capturing social inclusion outcomes and testing H5:

In(UNEy) = a; + p1In(EGy) + poIn(CO2;) + P4In(CEy) + P4ln(MW;,)
+ BsIn(RETRy) + Ac + p; + €

Where:

i denotes country

t denotes year

u; represents country-specific fixed effects

A represents year-specific fixed effects

&; is the idiosyncratic error term

All models include country fixed effects (u;) to control for time-
invariant unobserved heterogeneity, including geographic, institu-
tional, and cultural factors that may influence both circular economy
adoption and sustainability outcomes. Year fixed effects (4;) account for
common temporal shocks such as EU policy changes, business cycle
fluctuations, and technological shifts affecting all countries simulta-
neously. To confirm the appropriateness of fixed effects relative to
random effects, we conducted the Hausman (1978) specification test for
each model. The test compares coefficients estimated under both ap-
proaches; under the null hypothesis that random effects are consistent
and efficient, the difference should be unsystematic. As reported in
Table 5, Hausman test statistics reject the null for all models (p < 0.01),
confirming that fixed effects are the preferred specification.
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5. Descriptive statistics and correlation analysis
5.1. Descriptive statistics

Table 3 presents descriptive statistics for all variables after loga-
rithmic transformation, providing an overview of the distributional
properties of the 180 country-year observations (18 countries x 10
years).

The sample reveals substantial heterogeneity in circular economy
adoption (CE), with log-values ranging from 0.079 to 1.477 (mean
0.925, SD 0.296). Negative skewness (—0.525) indicates that most ob-
servations cluster toward higher circularity, with a tail of laggard
countries. CO5 emissions (mean log 4.781) exhibit moderate dispersion
(SD 0.561) and near-symmetry, while GDP per capita (EG) shows lower
variation (SD 0.271), reflecting relative economic convergence within
the EU. Unemployment (UNE) averages 0.865 (moderate SD 0.173),
consistent with post-crisis recovery patterns. Control variables display
expected features: life expectancy (LE) and education (EDU) have very
low dispersion (SD 0.015 and 0.065), indicating EU-wide convergence in
health and human capital; population density (POP) varies markedly
(SD 0.376), distinguishing dense Western states from sparse Nordic/
Baltic ones; renewable shares (RE, RETR) show wide ranges, capturing
differential energy transitions; municipal waste (MW) exhibits high
dispersion (SD 0.560), signaling diverse consumption and waste re-
gimes. Jarque-Bera tests confirm non-normality in several series, justi-
fying logarithmic transformation and fixed-effects robustness.

5.2. Correlation analysis

Table 4 presents pairwise correlation coefficients among all vari-
ables. Coefficients significant at the 5% level are denoted with an
asterisk.

The correlation matrix reveals complex interrelationships that
inform hypothesis testing while highlighting the necessity of moving
beyond bivariate analysis to fixed-effects estimation. The discussion is
organized around the three sustainability dimensions established in the
theoretical framework.

In the environmental dimension, the strong positive correlation be-
tween CE and CO; emissions (r = 0.538*) appears counterintuitive to H1
but is readily explained by cross-sectional confounding: more industri-
alized, higher-emitting countries tend to have greater institutional ca-
pacity and resources for circular material recovery. This pattern
highlights why within-country time variation is essential to isolate
genuine decoupling effects. Municipal waste (MW) correlates almost
perfectly with CO, (r = 0.954*), suggesting that linear consumption
patterns and fossil-fuel dependence co-vary strongly across countries,
raising potential multicollinearity concerns that variance inflation fac-
tors will monitor. Renewable energy indicators behave more consis-
tently with expectations: RE shows a modest positive link to CE (r =
0.074, ns) but negative to emissions (r = —0.203*), while RETR exhibits
a clearer negative association with COy (r = —0.339%), provisionally
supporting H2 and H3, yet correlates negatively with CE (r = —0.319%),
hinting at policy silos between material circularity and transport
decarbonization.

Economically, CE correlates positively with GDP per capita (r =
0.296%), aligning with H4 and EMT's proposition that environmental
modernization can coexist with prosperity. The exceptionally strong
GDP-LE link (r = 0.830%) reflects the income-health gradient, while
EDU associates positively with EG (r = 0.363*) as human-capital theory
predicts. Notably, the near-zero GDP-CO, correlation (r = 0.064, ns)
offers tentative cross-sectional support for decoupling, though this must
be tested rigorously in multivariate models.

Socially, the negative CE-UNE association (r = —0.361*) provides
initial backing for H5, consistent with CE's potential to generate jobs in
circular sectors. UNE also correlates negatively with EG (r = —0.291%)
and LE (r = -0.276%), illustrating interconnected
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Table 3

Descriptive statistics.
Statistic CE CO, EG UNE RE MW POP RETR LE EDU
Mean 0.925 4.781 4.484 0.865 0.786 3.628 2.028 1.227 1.901 2.046
Median 0.937 4.667 4.586 0.871 0.811 3.632 2.065 1.184 1.908 2.025
Maximum 1.477 5.890 5.035 1.289 1.481 4.717 2.712 1.723 1.925 2.215
Minimum 0.079 3.852 4.032 0.303 —0.006 2.525 1.247 0.566 1.865 1.957
Std. Dev. 0.296 0.561 0.271 0.173 0.250 0.560 0.376 0.281 0.015 0.065
Skewness -0.525 0.204 ~0.052 -0.256 -0.252 0.233 -0.394 —0.086 -0.877 1.159
Kurtosis 3.274 2.153 2.037 3.249 4.991 2.535 2.665 2.315 2.442 3.438
Jarque-Bera 8.848" 6.629* 7.030* 2.426 31.646* 3.248 5.508 3.741 25.416* 41.741*
Observations 180 180 180 180 180 180 180 180 180 180

Note: All variables are log-transformed.
" Indicates rejection of normality at p < 0.05.

Table 4

Pairwise correlation matrix.
Variables (1) CE (2) CO, (3) EG (4) UNE (5) RE (6) MW (7) POP (8) RETR (9) LE (10) EDU
(1) CE 1.000
(2) CO, 0.538" 1.000
(3) EG 0.296* 0.064 1.000
(4) UNE —0.361" —0.202° —0.291° 1.000
(5) RE 0.074 0.203* 0.208" —0.184* 1.000
(6) MW 0.470* 0.954* 0.067 -0.137 0.268* 1.000
(7) POP 0.603* 0.470* 0.201* —0.317* —0.159* 0.363* 1.000
(8) RETR -0.319* -0.339* —0.124 0.073 0.312* —0.167* —0.748* 1.000
(9) LE 0.492* 0.388% 0.830% —0.276* 0.300% 0.383% 0.286* -0.134 1.000
(10) EDU 0.026 —0.088 0.363" —0.028 0.221% —0.050 -0.103 0.109 0.316* 1.000
* Indicates significance at p < 0.05.

prosperity-health-inclusion dynamics. RETR shows no meaningful link

to UNE (r = 0.073, ns), suggesting transport transitions had limited net T,able 5 .

. . Fixed-effects regression results.

labor-market effects during the period.

Cross-cutting patterns reinforce the need for panel estimation: the Variables Model 1 (CE)  Model 2 Model 3 Model 4
positive CE-COq, link illustrates how cross-country differences can mask (€02 (EG) (UNE)
within-country dynamics; the MW-CO5 near-collinearity signals speci- CE —0.048%** 0.008 -0.097**
fication risks; and the weak RE-CE and negative RETR-CE associations (0.002) (0.472) (0.022)

. s L. - . CO, —0.853%7% 0.268 —0.060
suggest that energy and material transitions remain insufficiently inte- (0.006) (0.000) ©.713)
grated in practice. These bivariate signals, while informative, are prone EG 0.8067** 0.504%%* _3.021%%%
to confounding and cannot establish directionality, motivating the fixed- (0.001) (0.000) (0.000)
effects regressions that follow to test the hypotheses under more robust UNE —0.1817*~
identification. B _ (0.000)

RE —0.1577% ~0.017*
(0.001) (0.055)
6. Regression results and discussion MW 0.315 —0.082%* —0.728%**
(0.154) (0.017) (0.000)

This section presents fixed-effects panel regression results for the PoP (’()2(')5’1??:" (’00(')2595‘;*
ff)ur empirical r.nodels. Th.e discussion 1ntegFates th.eoretlc.al 1nt[erpreta- RETR 20138 01045+ 0,001+ 0.217+++
tion, hypothesis evaluation, and comparison with prior literature (0.335) (0.000) (0.000) (0.001)
throughout, organized around the three sustainability dimensions LE —6.425%"* 3.5897*
established in the theoretical framework. (0.000) (0.000)

EDU —0.2927 0.158%**
(0.000) (0.000)
6.1. Model specification and diagnostic tests Specification FE FE FE FE
Hausman (p- 27.777 22.881 39.260 376.433
. . value) (0.000) (0.001) (0.000) (0.000)

T.a.ble .5 presen.ts fixed-effects regression results. The Hausman Observations 180 180 180 180
specification test rejects random effects for all models (p < 0.01), con- Number of 18 18 18 18
firming fixed effects as the appropriate estimator for isolating within- groups

country relationships. Country fixed effects control for time-invariant
unobserved heterogeneity (geography, institutions, culture); year fixed
effects account for common temporal shocks (EU policy changes, busi-
ness cycles).

6.2. Environmental dimension

Model 2 tests H1-H3 with CO, emissions as the dependent variable.
Circular economy adoption (CE) significantly reduces emissions: a 1%
increase in circular material use corresponds to a 0.048% decrease in

Notes: p-values in parentheses.

-

" p<0.01,
" p <0.05,
" p<o0.l.

CO2 (p = 0.002), supporting H1. Substituting secondary materials for
virgin resources reduces energy-intensive extraction and processing
emissions, validating the environmental logic of circular transitions
(Kirchherr et al., 2017; Korhonen et al., 2018). This finding aligns with
recent panel evidence from G-20 economies where packaging-waste
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circularity yields long-run emission reductions Liu and Zhang (2026)
and with European evidence demonstrating circular economy practices
significantly reduce emissions intensity (Hailemariam and
Erdiaw-Kwasie, 2023).

Renewable energy variables exhibit expected negative relationships.
Renewable energy share (RE) reduces emissions (§ = —0.017, p =
0.055), marginally supporting H2. Renewables in transport (RETR)
shows stronger effects (3 = —0.104, p < 0.001), confirming H3 and
suggesting targeted decarbonization of high-emission sectors yields
greater marginal benefits than economy-wide energy transitions. This
finding resonates with Knable et al. (2022), who found that different
circular economy dimensions affect sustainability outcomes through
distinct channels, with energy-related measures showing particularly
strong environmental effects.

Education (EDU) significantly reduces emissions (f = —0.292, p <
0.001), consistent with human capital facilitating sustainable behaviors
and green policy adoption (Kostakis and Tsagarakis, 2022), reinforcing
SDG 4's emphasis on education for sustainable development. Life ex-
pectancy (LE) shows a large negative coefficient (B = —6.425, p <
0.001), likely reflecting correlation between health outcomes, institu-
tional quality, and environmental performance rather than direct
causation, a relationship noted in Ecological Modernization Theory's
emphasis on institutional capacity (Janicke, 2008; Spaargaren and Mol,
2020).

Economic growth positively associates with emissions (p = 0.504, p
< 0.001), revealing persistent tension between economic expansion and
environmental pressure. This finding, alongside the insignificant
bivariate GDP-CO5, correlation in Section 5.2, demonstrates that within-
country growth trajectories increase emissions even when cross-
sectional comparisons suggest decoupling. This nuance supports
Ecological Modernization Theory's emphasis that decoupling requires
active policy steering rather than occurring automatically through
growth (Janicke, 2008). The contrasting results for H1 (supported) and
growth-emissions (positive) illustrate green growth versus post-growth
debates: proponents argue technological innovation progressively de-
couples emissions from growth (Chen et al., 2018; Dong et al., 2022),
while post-growth scholars contend absolute decoupling remains elusive
(Bauwens, 2021; D'Alisa and Kallis, 2020). Our findings suggest circular
economy adoption contributes to decoupling but does not fully
neutralize growth's emissions impulse, supporting both perspectives
while emphasizing complementary policies.

6.3. Economic dimension

Model 3 tests H4 with GDP per capita as dependent variable. Circular
material use (CE) shows a positive but insignificant coefficient (fp =
0.008, p = 0.472), failing to support H4.

Several studies document positive circular economy-growth associ-
ations. Radivojevic et al. (2024) find resource productivity and recycling
rates positively influence GDP across 27 EU countries. Chen and Pao
(2022) report causal links between circular economy performance and
economic growth in EU-25. Jakubelskas and Skvarciany (2025) confirm
circular material use positively affects GDP per capita. The absence of
significant direct effects in our specification may reflect: (1) fixed-effects
estimator isolating within-country variation over a short decade,
whereas benefits may materialize over longer horizons; (2) relationships
conditional on technological readiness or institutional quality (Nikou
et al., 2025); or (3) circular material use capturing only one circularity
dimension, whereas broader indicators might reveal stronger effects
(Knable et al., 2022). Radivojevic et al. (2024) use of pooled OLS ex-
ploits cross-sectional variation that our fixed-effects specification
purges, suggesting growth benefits may operate primarily through
cross-country differences in circular capacity rather than within-country
changes. Both findings are informative: circular economies are richer,
but becoming more circular does not guarantee short-term growth
acceleration.
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Control variables perform as expected and provide important
contextual insights. Life expectancy (LE) strongly associates with GDP (f
= 3.589, p < 0.001), reflecting bidirectional health-prosperity re-
lationships central to SDG 3. Education (EDU) positively influences
growth (B = 0.158, p < 0.001), consistent with human capital theory.
Unemployment (UNE) negatively affects GDP (p = —0.181, p < 0.001),
confirming macroeconomic costs of labor underutilization.

Municipal waste (MW) negatively associates with GDP (f = —0.082,
p = 0.017), indicating linear waste patterns impose economic costs:
materials flowing to disposal rather than recovery represent lost value
(Korhonen et al., 2018). Population density (POP) shows marginally
significant negative association (B = —0.290, p = 0.055), suggesting
densely populated areas may face congestion costs offsetting scale
economies. Renewables in transport (RETR) positively affects GDP (f =
0.091, p < 0.001), indicating transport decarbonization investments
stimulate economic activity through infrastructure development and
innovation, supporting the "double dividend" hypothesis (Porter and van
der Linde, 1995; Ahmad et al., 2021). Bouattour et al. (2025) similarly
demonstrate that green technological innovation, renewable energy,
and circular economy jointly contribute to green growth, with innova-
tion playing a mediating role between circularity and economic
performance.

6.4. Social dimension

Model 4 tests H5 with unemployment as dependent variable. Results
strongly support the hypothesis: a 1% increase in circular material use
associates with 0.097% unemployment reduction (p = 0.022). This
validates circular transitions' labor-market logic: recycling, repair,
remanufacturing, and waste management are labor-intensive, gener-
ating employment across skill levels (Bai et al., 2022; Walker et al.,
2021). The magnitude aligns with evidence that circular economy
employment has grown across EU countries, with repair and recycling
contributing to job creation even during downturns (Multani et al.,
2025). This finding extends Ecological Modernization Theory's tradi-
tional environmental-economic focus to incorporate social dimensions,
responding to calls for inclusive sustainability frameworks (Bai et al.,
2022).

Municipal waste (MW) shows strong negative association with un-
employment (§ = —0.728, p < 0.001), higher waste generation para-
doxically associates with lower unemployment. This likely reflects
economic activity accompanying consumption: material throughput
correlates with both waste generation and employment in production,
retail, and logistics. The policy implication is not celebrating waste but
transforming waste management into employment-generating circular
infrastructure. The employment effects documented here align with
Nikou et al. (2025), who find employment reforms and job creation
accelerate circular transitions, suggesting bidirectional causality be-
tween labor markets and circularity.

Economic growth (EG) exhibits expected strong negative relation-
ship (B = —3.021, p < 0.001), confirming Okun's Law and growth's
centrality for labor market performance (SDG 8). Renewables in trans-
port (RETR) shows positive coefficient (f = 0.217, p = 0.001), indicating
transport decarbonization associates with higher unemployment,
possibly reflecting transitional labor displacement as conventional
transport restructures, even as new green jobs emerge (ILO, 2018;
Antikainen et al., 2018).

CO, emissions show no significant relationship with unemployment
(p = —0.060, p = 0.713), suggesting environmental performance and
labor market outcomes are not directly coupled in the short run,
consistent with "jobs versus environment" framing being largely false
dichotomy at macro level.

6.5. Drivers of circular economy adoption

Model 1 examines factors influencing circular material use.
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Economic growth (EG) emerges as the strongest driver: a 1% GDP in-
crease associates with 0.806% circular material use increase (p =
0.001), confirming that circular transitions require investment capacity,
consistent with Ecological Modernization Theory (Janicke, 2008).

CO,, emissions show a strong negative coefficient (3 = —0.853, p =
0.006), indicating emission-intensive economies have lower circular
material use. This reinforces that material and energy transitions should
be pursued jointly (Bouattour et al., 2025).

Renewable energy share (RE) positively influences circular adoption
(B = 0.157, p = 0.001), supporting that energy and material transitions
are synergistic; this aligns with ecological modernization theory. How-
ever, the insignificant renewables in transport (RETR) coefficient and its
negative correlation with CE (Section 5.2) suggest policy silos between
transport decarbonization and material circularity.

Population density (POP) exhibits a strong negative association (p =
—2.580, p = 0.011), indicating densely populated areas face structural
barriers: space constraints, complex logistics, competing land uses, that
require targeted interventions (Liddle, 2014).

Municipal waste (MW) shows a positive but insignificant coefficient
(B = 0.315, p = 0.154), providing weak support for H6. This may reflect
waste's dual role as both linearity indicator and circular feedstock,
suggesting  policies must address reduction and recovery
simultaneously.

7. Implications

The empirical findings carry significant implications, grounded in
Ecological Modernization Theory and the results presented in Section 6.

This study advances the literature by providing empirical evidence
on how circular economy transitions simultaneously affect environ-
mental, economic, and social outcomes, a multidimensional assessment
previously lacking (Chary et al., 2023; Knable et al., 2022). The findings
contribute to Ecological Modernization Theory in three important
respects.

First, the significant negative relationship between circular material
use and CO, emissions (f = —0.048, p = 0.002) validates EMT's core
premise that environmental innovation can reduce ecological pressures
without requiring economic contraction (Janicke, 2008; Spaargaren and
Mol, 2020). However, the modest elasticity relative to the positive
growth-emissions coefficient (3 = 0.504, p < 0.001) suggests that cir-
cular economy alone cannot fully offset emissions from continued eco-
nomic expansion, supporting critiques that technological optimism must
be tempered with attention to scale effects (Korhonen et al., 2018;
Bauwens, 2021).

Second, the employment benefits of circular adoption (p = —0.097, p
= 0.022) extend EMT's traditional environmental-economic focus to
incorporate social sustainability, responding to calls for more inclusive
frameworks (Bai et al., 2022; Walker et al., 2021). The strong
labor-market effects of waste management (f = —0.728, p < 0.001)
indicate that circular transitions can contribute to SDG 8 alongside
environmental objectives, a synergy underemphasized in EMT's early
formulations prioritizing industrial competitiveness (Murphy and
Gouldson, 2000).

Third, the finding that renewables in transport reduce emissions (f =
—0.104, p < 0.001) while associating with higher unemployment (p =
0.217, p = 0.001) reveals trade-offs within modernization processes,
supporting recent EMT scholarship emphasizing that environmental
transitions create both winners and losers, requiring just transition
policies (Gouldson and Murphy, 2000; ILO, 2018). The partial inde-
pendence of energy and material transitions, evidenced by the insig-
nificant RETR coefficient in Model 1, suggests decarbonization and
circularity are pursued by different policy communities, challenging the
integrated vision of ecological modernization and pointing to the need
for policy coordination.

By testing all three sustainability dimensions within a unified
framework, the results reveal that circular economy delivers
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environmental and social benefits more consistently than automatic
economic gains, a pattern corroborated by recent multi-country evi-
dence (Knable et al., 2022; Radivojevi¢ et al., 2024). This finding
challenges uncritical "win-win" rhetoric and supports more nuanced
discourse recognizing that circular transitions require deliberate steer-
ing to realize their full potential.

The negative coefficient on population density (B = —2.580, p =
0.011) contributes to emerging literature on spatial dimensions of cir-
cular transitions (Liddle, 2014). Densely populated areas face structural
barriers, space constraints, complex logistics, competing land uses, that
require place-based policy approaches. Methodologically, the contrast
between bivariate correlations (CE-CO, r = 0.538) and fixed-effects
coefficients (3 = —0.048) demonstrates the critical importance of
isolating temporal variation from cross-sectional heterogeneity, con-
firming the necessity of fixed-effects estimation when unobserved
country characteristics correlate with both circular adoption and sus-
tainability outcomes.

Finally, the geopolitical dimension introduced by the Russian war on
Ukraine adds urgency to circular economy research (European Envi-
ronment Agency, 2022). The finding that circular adoption reduces
emissions while generating employment suggests circular economy can
contribute to both environmental objectives and strategic autonomy,
enhancing resource security and reducing dependence on volatile
import markets (Rodriguez-Anton et al., 2022).

8. Conclusion

This study has investigated the relationship between circular econ-
omy transitions and sustainable development outcomes across 18 Eu-
ropean Union countries over the decade 2010-2019. Anchored in
Ecological Modernization Theory and employing fixed-effects panel
estimation, the analysis has generated robust empirical evidence on how
circular material use, renewable energy adoption, waste management,
and socio-economic conditions jointly influence environmental, eco-
nomic, and social sustainability.

8.1. Summary of key findings

The research confirms that circular economy transitions play a sig-
nificant role in advancing environmental sustainability. A 1% increase
in circular material use corresponds to a 0.048% reduction in CO5
emissions (p = 0.002), validating H1 and demonstrating that
substituting secondary materials for virgin resources reduces the energy-
intensive extraction and processing that generate emissions. Renewable
energy adoption reinforces these environmental benefits, with renew-
ables in transport showing particularly strong effects (p = —0.104, p <
0.001), supporting H3 and highlighting the importance of sectoral
decarbonization strategies. Education emerges as a significant contrib-
utor to emission reductions (f = —0.292, p < 0.001), underscoring the
role of human capital in facilitating sustainability transitions.

Economically, the findings present a more nuanced picture. Eco-
nomic growth strongly drives circular adoption (f = 0.806, p = 0.001),
indicating that circular transitions require investment capacity that
prosperous economies can provide. However, circular material use does
not significantly affect GDP per capita (H4 not supported), suggesting
that the economic benefits of circularity may materialize over longer
time horizons, operate through indirect channels, or require comple-
mentary conditions such as technological readiness or institutional
quality. Municipal waste negatively associates with GDP (f = —0.082, p
= 0.017), confirming that linear waste patterns impose economic costs
through lost material value.

Socially, circular economy transitions contribute positively to labor
market outcomes. A 1% increase in circular material use associates with
0.097% unemployment reduction (p = 0.022), supporting H5 and
validating the labor-market logic of circular transitions. Waste man-
agement exhibits particularly strong employment effects (§ = —0.728, p
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< 0.001), indicating that recycling, repair, and recovery activities
generate accessible jobs across skill levels. However, renewables in
transport show a positive association with unemployment (p = 0.217, p
= 0.001), suggesting that transport decarbonization may create transi-
tional labor displacement even as it delivers environmental benefits.

The pattern of findings, strong environmental and social benefits
alongside mixed economic evidence, suggests that circular economy
delivers on its sustainability promises in some dimensions more
consistently than others. This nuanced conclusion challenges uncritical
"win-win" rhetoric while affirming that circular transitions, when
appropriately supported by policy, can contribute meaningfully to
multiple SDGs.

8.2. Policy recommendations

Based on the empirical findings, the following policy recommenda-
tions are proposed to harness the full potential of circular economy
transitions while addressing identified trade-offs and constraints.

First, integrate circular economy into industrial and innovation
policy. The strong relationship between economic growth and cir-
cular adoption (p = 0.806) indicates that circular transitions require
investment capacity. Policymakers should embed circular economy
objectives within broader industrial strategies, ensuring that funding
mechanisms, including the Just Transition Fund, Recovery and
Resilience Facility, and Horizon Europe, allocate resources for cir-
cular infrastructure, technological upgrading, and institutional ca-
pacity building. This integration would advance SDG 9 while
supporting circular transitions.

Second, pursue coordinated energy and material transitions. The
partial independence of renewable energy and circular material use
revealed by this study suggests missed synergies. Policymakers
should create coordination mechanisms across energy, transport,
environment, and industry ministries to ensure that decarbonization
and circularity strategies are mutually reinforcing. Joint roadmaps,
integrated impact assessments, and cross-sectoral targets could
capture synergies that single-domain policies miss.

Third, implement just transition measures alongside environmental
regulations. The positive RETR-unemployment relationship (p =
0.217) signals that transport decarbonization may displace workers,
even as circular activities create employment elsewhere. Policy-
makers should accompany environmental regulations with retrain-
ing programs, income support, and regional diversification strategies
that ensure equitable outcomes aligned with SDG 8 and SDG 10.
Social dialogue involving unions, employers, and communities
should inform transition planning at all governance levels.

Fourth, invest in waste management infrastructure for employment
and environment. The strong unemployment reduction associated
with municipal waste management (f = —0.728) indicates that waste
systems can be leveraged for job creation. Investment in recycling
facilities, materials recovery operations, and composting infrastruc-
ture should be prioritized not merely as environmental measures but
as employment strategies advancing SDG 8.5.

Fifth, address spatial barriers to circularity in dense urban areas. The
negative population density coefficient (B = —2.580) indicates that
densely populated areas face structural challenges requiring targeted
interventions. Urban planning should integrate circular infrastruc-
ture, allocating space for recycling facilities, repair cafes, and ma-
terial recovery centers, while optimizing collection logistics for high-
density environments. Decentralized solutions including community
composting and local repair networks can complement centralized
systems while engaging citizens in circular transitions (SDG 11).
Sixth, invest in sustainability education at all levels. Education's
significant contribution to emission reductions (f = —0.292) sup-
ports integrating sustainability into school curricula, vocational
training, and university programs (SDG 4.7). Public awareness
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campaigns promoting circular behaviors, repair, reuse, recycling,
can complement formal education while building social acceptance
for circular economy policies.

Seventh, enhance resource security through circular economy. The
geopolitical context highlighted by the Russian war on Ukraine adds
urgency to circular economy as strategic policy. Circular adoption
reduces emissions while generating employment and can simulta-
neously reduce dependence on imported raw materials. Policies
enhancing circularity should be framed as contributing to both
climate objectives and strategic autonomy, potentially building
broader political support for ambitious action.

Eighth, strengthen monitoring and evaluation frameworks. The
methodological insights from this study, particularly the contrast
between cross-sectional and fixed-effects results, underscore the
importance of rigorous evaluation. Policymakers should invest in
data collection and analysis that enables within-country, over-time
assessment of circular economy impacts (SDG 17.18). Such evidence-
based approaches can inform adaptive policy design and ensure in-
terventions are tailored to context.

In conclusion, this study demonstrates that circular economy tran-
sitions offer genuine potential for advancing sustainable development
across environmental, economic, and social dimensions. However,
realizing this potential requires deliberate policy design, strategic in-
vestment, and attention to distributional consequences. The pattern of
findings, environmental and social benefits more readily observed than
automatic economic gains, reinforces the need for public policy to steer
markets toward circular outcomes rather than assuming spontaneous
business case emergence. With appropriate frameworks, investments,
and coordination, circular economy can contribute meaningfully to EU
climate neutrality, resource security, and inclusive prosperity, while
serving as a model for sustainable development globally.

9. Limitations and future research directions

The study is subject to several limitations inherent in its design. First,
the focus on 18 EU countries with relatively advanced CE frameworks
limits generalizability to less mature economies or non-EU contexts
where institutional and infrastructural conditions differ markedly. Sec-
ond, the 2010-2019 panel, while chosen for data consistency, excludes
post-2019 developments, including COVID-19 disruptions, the acceler-
ation of the European Green Deal, and the energy-security imperatives
following the Russian invasion of Ukraine. These events likely altered CE
trajectories and should be examined in updated datasets. Third, reliance
on circular material use rate as the primary CE proxy captures only one
dimension of circularity; broader indicators (repair, sharing, product
longevity) might reveal additional economic and social effects. Finally,
the short time horizon may mask lagged benefits, particularly for growth
and innovation payoffs that often materialize gradually.

Future research should address these constraints and extend the
analysis in several directions. Longer panels incorporating post-2020
data would allow assessment of recent policy shocks and Green Deal
impacts. Comparative studies across EU sub-regions could explore how
institutional maturity, historical development paths, and cultural factors
moderate CE outcomes, particularly in Central and Eastern Europe
where infrastructure and adoption barriers remain pronounced (Apostu
et al., 2023). Incorporating e-waste recycling and critical-mineral re-
covery would strengthen insights into resource security and pollution
reduction (SDG 12.4). Examination of digital technologies (Al sorting,
blockchain traceability) and behavioral interventions (community-led
initiatives) could illuminate demand-side drivers of circularity. Finally,
deeper investigation of policy coherence across governance levels would
identify best practices for harmonizing national and EU-wide CE stra-
tegies, ensuring accountability and equitable implementation (SDG 17).
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