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A B S T R A C T

The primary aim of this study was to quantify the impact of industry and infrastructure innovations on sus-

tainable production and consumption within the circular economy (CE) in European Union (EU) countries.

From the perspective of the Sustainable Development Goals (SDGs), the relationships between indicators

representing SDG 9 and SDG 12 were examined. To achieve this, data from Eurostat for the period 2010

−2021 were analyzed using regression and cluster analysis. The analyses revealed significant differences

among EU countries in the areas investigated. The Netherlands and Belgium were among the highest-rated

countries in terms of the examined relationships. Denmark excelled in industrial and infrastructure innova-

tions, while Romania ranked among the lowest. A year-on-year decrease since 2010 was observed for several

indicators, including the circular material use rate and the public transport ratio. Developed countries such as

Finland and Luxembourg experienced a recent decrease in circular material use rate. A significant relation-

ship was identified between the circular material use rate and industry and infrastructure innovations. Coun-

tries such as Romania, Portugal, Croatia, and Cyprus were in the worst positions. The results of the study are

beneficial for policymakers focused on transitioning economies to CE, as well as for experts in business envi-

ronments, educational policies, and regional development. These results support the development of bench-

marking indicators at national and international levels, facilitating the creation of composite models for

multidimensional analysis implementation. The findings are relevant for political strategists at both regional

and international levels and may provide valuable insights for analytical and research teams designing

predictive models.

© 2023 The Authors. Published by Elsevier España, S.L.U. on behalf of Journal of Innovation & Knowledge. This

is an open access article under the CC BY-NC-ND license
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Introduction

The transformation of enterprises to the circular economy (CE)

necessitates systemic innovation processes that encompass not only

intensive innovations but also dynamic and holistic combinations of

service innovations and new organizational structures (De Jesus et

al., 2018). CE demands the implementation of sustainable business

models (SBMs) that consider a broad range of stakeholder interests,

including those of society and the environment (Bocken et al., 2014).

Many innovative approaches implemented in enterprises through

business models have not been concentrated as innovative business

models, particularly if they involve mechanisms and solutions

ensuring innovation and sustainability. Thus, research teams high-

light the need to develop business models with a common language

to expedite and facilitate the development of SBMs in both research

and practice. Sustainable development and effective transformation

to CE require new technological approaches in production and con-

sumption models, as several studies indicate (Androniceanu et al.,

2021; Ahmed et al., 2022). At present, minimizing material use in the

design phase and seeking optimal production variants are crucial, as

is achieving the highest possible value from materials through effec-

tive recycling. Di Maio and Rem (2015) note that some indicators do

not motivate a higher rate of innovation implementation, criticizing,

for example, the recycling rate indicator for its inaccuracy and nega-

tive impact on decision-making processes, leading to weak industry

innovations. Innovating SBMs is complex, requiring knowledge of

ecosystem drivers and trends, understanding stakeholder value

in enterprises, and evaluating the impact of sustainability and circu-

larity (Antikainen and Valkokari, 2016). Therefore, a systematic
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investigation of the links between Industry 4.0 and CE technologies is

needed to quantify obstacles and potentials in achieving the Sustain-

able Development Goals (SDGs) (Patyal et al., 2022). In this regard,

both micro-level and macro-level connections are essential for

explicitly identifying penetrations into individual SDGs. The broad

definition of SDGs has been criticized for contributing to insufficient

achievement of SDG goals from the perspective of countries (Rodri-

guez-Anton et al., 2019).

These consistent facts motivated our study, which aimed to inves-

tigate and evaluate the relationships between the indicators of SDG

12—responsible consumption and production, and SDG 9—building

resilient infrastructure, promoting inclusive and sustainable industri-

alization, and fostering innovation. Exploring the relations between

SDG 12 and SDG 9 is based on global pressures to increase resource

efficiency and efforts to improve sustainability, creating space for

innovation process development and increased industry competitive-

ness. Therefore, changing the current production and consumption of

goods is necessary, placing greater emphasis on creating higher

added value with fewer inputs, reducing costs, and minimizing envi-

ronmental impact.

Literature review

Technological processes and innovations are critical in transform-

ing traditional economies into CE. Sectoral differentiation at national

levels, the structure of the economic system, and the effects of inter-

national trade significantly influence innovation processes, thus

impacting the transition to CE and its progress.

In the recent period, Industry 4.0 and CE have experienced rapid

growth, and research studies, such as those by Machado et al. (2020),

indicate a strong relationship between CE and Industry 4.0. This

growth is further supported by the increasing impact of artificial

intelligence (AI) and active policies (Ramadoss et al., 2018; Bag and

Pretorius, 2022). Lei et al. (2023) emphasize the importance of inves-

tigating the relationships between Industry 4.0 technologies and CE

processes, not only from the perspective of CE implementation but

also in using Industry 4.0 to achieve the SDGs. These authors also

highlight the insufficiently researched impacts of Industry 4.0 tech-

nologies on CE practices. The transition to a CE, where resources flow

in cyclical systems, is complex and requires the reconfiguration of

supply chains and multi-level collaboration (Ko�� et al., 2022; Meath et

al., 2022). In the recent period, many research studies have aimed to

facilitate this transition, focusing on identifying CE driving forces,

prerequisites for CE development, and barriers, including procedural

and financial obstacles, both in enterprises (microeconomic sphere)

and economies (macroeconomic sphere). However, there is a lack of

research addressing support models for overcoming obstacles in

implementing CE processes. Meath et al. (2022) and Trevisan et al.

(2023) note that successful CE implementation requires a multi-level

transition platform at the industrial level, including collaborative ini-

tiatives at the meso level to interconnect micro and macro levels.

According to Bag and Pretorius (2022), the success of CE implementa-

tion results from a symbiosis between institutional pressures, resour-

ces, and human skills for adopting Industry 4.0 technology. Industry

4.0 can positively impact sustainable production and CE. In addition,

social determinants related to these aspects have been extensively

studied, primarily focusing on the negative impacts of traditional

production on the environment and population (Vrabcova et al.,

2022).

Progress measurement in CE utilization

Numerous studies evaluated CE progress using indicators such as

recycling rate, municipal waste recycling rate, research and develop-

ment (R&D) spending across sectors, trade-in recyclable raw materi-

als, environmental tax revenue, and resource productivity (Tantau et

al., 2018). Pantcheva (2023) identifies key indicators for measuring

CE progress: GDP per capita, R&D expenditure, resource productivity,

and environmental tax revenue, which are crucial for quantifying cir-

cularity levels. Their analysis of the 27 European Union (EU) countries

indicates that past R&D spending is significant for predicting circular-

ity levels. The implementation of CE within the EU necessitates intel-

ligent regulation and systematic collaboration across all levels−from

global to national (including states, regions, cities, enterprises, and

populations). Constructing collaboration networks and implementing

appropriate models for collaboration and exchange will be essential

(Sab�au-Popa et al., 2022).

The progress of CE implementation varies among countries and is

influenced by multiple factors. L�opez-Portillo et al. (2021) also found

differing patterns of waste treatment behavior based on country clus-

tering, GDP per capita, R&D expenditure, resource productivity, and

length of EU membership. Bassi and Dias (2019) highlighted differen-

ces in CE usage rates resulting from diverse measures implemented

in EU countries. They also noted enterprise size, measured by the

number of employees and total turnover, as a significant factor differ-

entiating levels of CE usage.

CE development process aspects

Small and medium-sized enterprises require improved measures

for the implementation of CE processes, encompassing better plan-

ning and execution. The rate of innovative development also signifi-

cantly influences the level of circularity in individual countries.

Innovation processes accelerated globally from 2000 to 2019

(Metzger et al., 2023). It is also crucial to examine innovative devel-

opment and its impact on CE progress within the context of sectoral

differentiation. This is supported by the study of Brandao et al.

(2021), which investigated circular bioeconomy strategies bolstered

by an increase in related patents. The authors criticize the underutili-

zation of the potential of circular bioeconomy strategies, impacting

the limited sharing of this knowledge and, subsequently, environ-

mental sustainability. The perception of the role of patents in CE

development can vary. While patents represent the results of innova-

tion processes and knowledge sharing, Zwart (2021) argues that pat-

ents do not currently enhance CE from a global perspective.

However, there is evidence that patents can contribute to CE devel-

opment under certain circumstances. Magrí et al. (2017) used patents

to assess technological development progress and evaluate inte-

grated solutions and CE progress in countries. Patents and scientific

publications are employed as significant indicators of scientific

research outcomes and for comparative analyses of their results

between countries. De Blas et al. (2020) explored the relationship

between CE and transport, examining four global strategies for the

decarbonization of transport by 2050. Their study showed that the

massive replacement of individual diesel-powered vehicles with

electric ones would not sufficiently reduce greenhouse gas emissions

to align with climate stabilization goals. Alaerts et al. (2020) criticized

the current state of mobility for not being circular but rather continu-

ing in a linear direction. The transition to public transport and

bicycles has not seen significant development, and even new cars

entering the market are not lighter, despite continuous improve-

ments in environmental characteristics. Paradowska (2017) empha-

sizes the importance of using micro-indicators for evaluating CE

progress in transport to quantify various forms of progress. It is also

recommended to employ indicators that assess materials in low-

emission vehicles. The development of CE in road transport will

necessitate numerous measures across different levels and fields. The

complexity of the road transport sector and the interconnections

between various actors and stakeholders throughout the vehicle life-

cycle present substantial obstacles in CE development processes and

innovation challenges. Public transport and shared mobility services

are among the optimal solutions for creating smart mobility plans.
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Policymakers should reevaluate the transport and mobility sectors,

considering structural changes in transport systems and the develop-

ment and economic restructuring involved in comprehensive deci-

sion-making processes (Pamu�car et al., 2023).

Awan et al. (2019) explore the issue of CE in relation to pollution,

which they regard as a global health problem. They recommend iden-

tifying optimal procedures for implementation in CE to achieve a zero

pollution rate. These authors also advocate for introducing multi-

level management and a systematic approach to enhance pollution

prevention planning. Sauv�e et al. (2016) and Kajikawa et al. (2014)

suggest a transdisciplinary approach to address this issue. Sectoral

aspects are crucial, requiring examination not only of sector-specific

internal factors but also sectoral resource requirements and environ-

mental impacts (Pinchuk et al., 2019). Xiong and Xu (2021) propose

that the production processes’ negative effects on the environment

can be effectively mitigated by implementing new-generation pro-

duction techniques, such as the use of AI. Integrating AI can solve not

only output problems but also enhance the efficiency and accuracy of

production processes.

CE development determinants

Numerous studies indicated that the age structure of the particu-

lar country is a significant predictor of its transition to a CE (Neves &

Marques, 2022; Ali et al., 2022; Hao et al., 2020). Older individuals

often find it more challenging to change their behavior compared to

younger people, leading to calls for the development of policies tar-

geting older populations to foster understanding and support for the

CE transition. These aspects are related to the economic, social, and

environmental dimensions of the CE transition. In addition, findings

suggest that income inequality complicates the CE transition, with

people in the middle-income group more likely to engage in green

behavior (De Jesus et al., 2018). Studies also highlight the current

insufficiency of employee knowledge and experience in maintaining

resilient businesses. Whicher et al. (2018) identified a skills gap in CE

design, necessitating various retraining mechanisms. Burger et al.

(2019) discuss the opportunities and risks associated with employ-

ment, learning processes, and skills related to CE. Research results

underscore the strong heterogeneity of job requirements in Central

Europe and the need for specific education and training programs for

future CE development. Dumitrescu (2020) found a correlation

between tertiary education levels and municipal waste recycling

rates, suggesting that higher education is vital in the CE transition

process. In some countries, efforts to transform economies to CE are

slow, affecting the culture of learning and reflective practice (Diele-

man and Martínez-Rodríguez, 2019). Conversely, many economies

recognize the importance of the education system and support the

construction of education models compatible with CE process

requirements (Bugallo- Burns, 2018; Coleman and Gould, 2019;

Bugallo-Rodríguez & Vega-Marcote, 2020). Serrano-Bedia and Perez-

Perez (2022) assert that higher education institutions play a signifi-

cant role in CE transformation processes, offering consulting services

to involved parties, collaborating with industry, consumers, govern-

ments, and promoting ecologically responsible citizenship. However,

there is still a lack of research addressing the critical role of universi-

ties in CE transition processes (Salas et al., 2021; Giannoccaro et al.,

2021). According to Qu et al. (2021), creating dynamic university gov-

ernance models that facilitate the transition of economies to CE and

support the effective transition of countries’ economies to circularity

is essential.

CE offers new business opportunities for innovative enterprises,

yet some studies highlight deficiencies in indicators for evaluating CE

processes across various fields. Di Maio et al. (2017) note that the

value of materials recovered from waste constitutes a small fraction

of European GDP, indicating a lack of key performance indicators to

stimulate the recycling industry. To address this, Moraga et al. (2019)

propose a classification framework for categorizing indicators

according to CE strategies and measurement ranges, which could

support the construction of an evaluation system for indicators

within CE. Other methods and indicators for estimating CE potentials

in open economies are also being verified (Geerken et al., 2019). Their

economic benefits will be evident in comparative analyses of coun-

tries and in using their results to create active policies. Rinc�on-Mor-

eno, Ormaz�abal, �Alvarez, and Jaca (2021) criticize the absence of

standard indicators for evaluating CE progress, which leads to misun-

derstandings and obstacles in CE implementation. They suggest that

indicators currently used to evaluate CE progress at the macroeco-

nomic level could also be applied at the microeconomic level. Stan-

dardizing these indicators could offer comparative potential and

eliminate issues arising from the introduction of specific metrics

within individual countries. Therefore, the development of indicator

systems can significantly support the CE transition and the system-

atic generation of its effects. CE progress also significantly impacts

sector digitalization, including within high-speed internet connectiv-

ity. Hern�andez-Chover et al. (2022) explored the digitalization poten-

tial of the urban water sector, identifying several practical instances

to accelerate the transition of this infrastructure toward economic,

social, and environmental sustainability. Intensive digitalization pro-

cesses and the Internet of Things are also observed in other sectors,

contributing not only to CE progress but also to achieving the SDGs

(Makarova et al., 2020). Measuring CE development progress through

high-speed internet use in sectors and enterprises is feasible through

various metrics, effectively capturing changes in supplier-customer

relations, marketing, business, and financial strategies.

The findings from these studies evidently demonstrate the inter-

connectedness between the production and consumption of circular

materials and certain aspects of industry and infrastructure innova-

tions. Although these investigations focus on specific dimensions

within the innovation processes in industry and infrastructure, their

outcomes distinctly reveal the substantial potential of innovative and

technological development in altering the production and consump-

tion of circular materials. Simultaneously, they pinpoint the weak-

nesses in these processes that adversely affect policy formulation,

among other aspects. In various sectors and fields, the intensity of

innovative and technological development varies. In some areas, it is

more pronounced, while in others, numerous factors, such as

resource or process constraints, hinder innovation. There are signifi-

cant differences not only within countries across different sectors but

also between countries. These established facts have shaped the pri-

mary objective of our study, which is to quantify the impact of inno-

vations in the field of industry and infrastructure on sustainable

production and consumption within the CE in EU countries. The

results of this study will be highly beneficial for policymakers,

regional development plans, and experts in the business and financial

sectors.

Material and methods

For the sustainable development of economies, a systematic

investigation of the main sustainability dimensions and the factors

influencing them is essential. Examining CE models is crucial for

achieving SDG-12, which focuses on responsible consumption and

production. The integration of digital technologies is fundamental to

the development of sustainable models in production and consump-

tion, and innovation processes are integral to this. These processes

result from the convergence of digital technologies with various sec-

tors, including medicine, biotechnology, agriculture, energy, educa-

tion, mobility, logistics, and manufacturing. These aspects

significantly influenced the formulation of the main aim of the study

and the selection of variables.

Our study investigated the use of CE through the indicator circular

material use rate, which is linked to the strategy of preserving
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materials through recycling and downcycling and aligning with the

aim of technological cycles incorporating life cycle thinking (Moraga

et al., 2019). The sustainability field was focused on innovation in

industry and infrastructure. The analytical processes were concen-

trated in two areas. The first area focused on evaluating the position

of EU countries in the interconnection of circular materials consump-

tion and innovation indicators in industry and infrastructure. The sec-

ond area examined the relationships between industrial and

infrastructure innovations and the consumption of circular materials

in EU countries. Research in this field is guided by the following

research questions:

RQ1: Is there a significant relation between the circular material

use rate and gross domestic expenditure on research and develop-

ment (R&D) in EU countries?

RQ2: Is there a significant relation between the circular

material use rate and the employment rate in the R&D sector in EU

countries?

RQ3: Is there a significant relation between the circular material

use rate and the number of patent submissions in EU countries?

RQ4: Is there a significant relation between the circular material

use rate and the proportion of public transport in total transportation

in EU countries?

RQ5: Is there a significant relation between the circular material

use rate and air pollution in EU countries?

RQ6: Is there a significant relation between the circular material

use rate and the tertiary education levels of women and men in EU

countries?

RQ7: Is there a significant relation between the circular material

use rate and the gross value added by the environmental goods sector

in environmental and resource management in EU countries?

RQ8: Is there a significant relation between the circular material

use rate and high-speed internet connectivity in EU countries?

Table 1 provides descriptions of the variables used in the analyti-

cal processes. This study is characterized by its reliance on secondary

data sourced from Eurostat databases. Detailed references for each

dataset are provided in the notes below in Table 1. For clarity and

convenience, initial focus should be placed on the first column

(Abbreviations), as these abbreviations are consistently used in sub-

sequent sections. The selection of variables aligns with the research

objectives previously outlined.

The analytical processes encompassed data from all EU countries,

including Austria (AUT), Belgium (BEL), Bulgaria (BGR), Croatia

(HRV), Cyprus (CYP), Czechia (CZE), Denmark (DNK), Estonia (EST),

Finland (FIN), France (FRA), Germany (DEU), Greece (GRC), Hungary

(HUN), Ireland (IRL), Italy (ITA), Latvia (LVA), Lithuania (LTU), Luxem-

bourg (LUX), Malta (MLT), the Netherlands (NLD), Poland (POL), Por-

tugal (POR), Romania (ROU), Slovakia (SVK), Slovenia (SVN), Spain

(ESP), and Sweden (SWE). The indicators were available for various

time intervals, as shown in Table 1 (Interval column). The earliest

data in this study, primarily influenced by the 2008 financial crisis,

were collected in 2010. The most recent data were obtained in 2021,

representing the latest information available from the Eurostat data-

base at the time of data compilation. As indicated in Table 1, the Env-

GoodsGVA indicator had the highest number of missing values

(missing = 85).

Several procedures were employed in the analytical processes.

Initially, year-on-year changes were calculated, with growth or

decline expressed in percentages. Part of the analysis involved work-

ing with the data and their year-to-year changes. In descriptive anal-

ysis, fundamental indicators such as arithmetic mean, standard

deviation, coefficient of variation, minimum, and maximum were

used, enabling an overall evaluation of the situation in the EU. Parti-

tioning Around Medoids cluster analysis and the Manhattan distance

metric were applied, with the appropriate number of clusters

Table 1

Variables description.

Abbreviation Name Unit Interval Valid Missing

CMU Circular material use rate Percentage of overall material use 2010−2021 324 0

ExpRaDBus Gross domestic expenditure on R&D Business enterprise

sector

Percentage of GDP 2010−2021 324 0

ExpRaDGov Gross domestic expenditure on R&D Government sector Percentage of GDP 2010−2021 324 0

ExpRaDHghEdu Gross domestic expenditure on R&D Higher education sector Percentage of GDP 2010−2021 324 0

PersonRaDBus R&D personnel Business enterprise sector Percentage of population in the labor force (full−time

equivalent)

2010−2021 323 1

PersonRaDGov R&D personnel Government sector Percentage of population in the labor force (full-time

equivalent)

2010−2021 323 1

PersonRaDHghEdu R&D personnel Higher education sector Percentage of population in the labor force (full-time

equivalent)

2010−2021 323 1

PatentEPO Patent applications to the European Patent Office by

applicants country of residence

Per million inhabitants 2010−2021 324 0

PubTrans Share of buses and trains in inland passenger transport

Trains, motor coaches, buses and trolley buses

Percentage (share) of total traffic in passenger-kilometers 2010−2020 297 0

AirEmis2.5 Air emission intensity from industry Manufacturing

Particulates 2.5mm

Grams per euro, chain linked volumes 2010 2010−2020 297 0

AirEmis10 Air emission intensity from industry Manufacturing

Particulates 10mm

Grams per euro, chain linked volumes 2011 2010−2020 297 0

EduMale Tertiary educational attainment 25 to 34 years Males Percentage (share) of the population that has successfully

completed tertiary education

2010−2021 324 0

EduFemale Tertiary educational attainment 25 to 34 years Percentage

Females

Percentage (share) of the population that has successfully

completed tertiary education

2010−2021 324 0

EnvGoodsGVA Gross value added in environmental goods and services sector

Total environmental protection and resource management

activities

Percentage of GDP 2010−2020 212 85

InternetTotal High-speed internet coverageTotal Percentage of households 2013−2021 243 0

InternetLow High-speed internet coverage Low settled areas Percentage of households 2013−2021 243 0

Source: CMU: Circular material use rate (Eurostat, 2023a); ExpRaDBus, ExpRaDGov, ExpRaDHghEdu: Gross domestic expenditure on R&D by sector (Eurostat, 2023b); PersonRaD-

Bus, PersonRaDGov, PersonRaDHghEdu: R&D personnel by sector (Eurostat, 2023c); PatentEPO, PubTrans: Patent applications to the European Patent Office by applicants’/inven-

tors’ country of residence (source: EPO) (Eurostat, 2023d); PubTrans: Share of buses and trains in inland passenger transport (Eurostat, 2023e); AirEmis2.5, AirEmis10: Air

emission intensity from industry (Eurostat, 2023f), EduMale, EduFemale: Tertiary educational attainment by sex (Eurostat, 2023g); EnvGoodsGVA: Gross value added in environ-

mental goods and services sector (Eurostat, 2023h); InternetTotal, InternetLow: High-speed internet coverage, by type of area (source: DG CNECT and Eurostat) (Eurostat, 2023i).
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estimated using the silhouette method (Kassambara, 2017). Inputs

for cluster analysis were the average values of specific characteristics

in individual countries, calculated over the observed period and sub-

sequently standardized from 0 to 1, with higher values indicating

more positive outcomes.

In the initial stage of the second part, focused on evaluating the

relationship between circular material use (CMU) and innovations in

industry and infrastructure, Spearman’s correlation coefficient was

utilized for correlation analysis. This was complemented by panel

regression analysis, directly linked to assessing research questions 1

to 8. Prior to its application, several tests — the F test, Hausman test,

and Breusch-Pagan test — were conducted. Subsequently, both fixed

(Arellano estimator) and random (White estimator) effect models

were implemented (Wooldridge, 2010). The F test evaluated the sig-

nificance of the factor structure across countries and individual years.

Since significance was confirmed only for country structures, individ-

ual effect models were employed to assess the significance of the

relationships. The Hausman test aided in selecting between fixed

(within) or random effect models. A p-value below 0.05 indicated a

preference for the within model, which occurred in one instance. The

Breusch-Pagan test was used to assess residual variability (homosce-

dasticity). In several instances, significant heteroscedasticity was

detected, necessitating the use of robust estimators for coefficient

estimation in all models.

Results

The initial part of the results section highlights the status of vari-

ous countries concerning the consumption of circular materials and

innovations. The subsequent part offers a thorough examination of

the association between these domains, with a particular focus on

the status of EU countries. Table 2 presents the primary outcomes of

the descriptive statistical analysis, along with the annual changes in

the values of individual indicators.

Table 2 presents key findings from the descriptive analysis, offer-

ing insights into both the absolute values of indicators and their

year-on-year changes. Significant results are presented alongside

these changes. A value greater than 0 indicates an increase over the

observed period, while a value less than 0 signifies a decrease. The

conclusion of the examined period is notably influenced by the coro-

navirus disease 2019 pandemic, which occurred in 2020 and 2021.

To evaluate the standing of individual EU countries in terms of

the analyzed indicators, cluster analysis was utilized. This

involved calculating the average of the data for each country over

the years. The data were then normalized on a scale from 0 to 1,

where a higher value denotes a more favorable assessment. Inno-

vation indicators were averaged to create a new variable. Con-

versely, the occurrence of particulate matter with diameters of

2.5 mm and 10 mm was inversely standardized, meaning a higher

score indicated lower pollution levels. The silhouette method was

employed to determine the optimal number of clusters. It sug-

gested dividing the data into three clusters for CMU and four clus-

ters for innovations.

Fig. 1 illustrates the positioning of EU countries in relation to the

examined indicators. The results of the cluster analysis reveal that

the highest-rated countries are situated in the upper-right quadrant,

while the lowest-rated ones are found in the lower-left quadrant. In

terms of circular material consumption, the countries in the green

cluster, particularly the Netherlands, stand out with a distinctly dif-

ferent position compared to others. The lowest-rated countries fall

within the blue cluster, characterized by very low year-on-year

changes in circular material consumption, yet these countries still

show potential for growth. It is important to note that the lower

rankings of Finland and Luxembourg are primarily due to the year-

on-year fluctuations in the CMU indicator, which resulted in unfavor-

able assessments for these nations. Romania shows a slight improve-

ment, ranking as the third lowest-performing country among the

selected EU member states.

Fig. 2 visualizes the positioning of EU countries in relation to the

studied indicators, specifically focusing on innovations in industry

and infrastructure. Sweden, Denmark, and Luxembourg emerged as

the top performers in this category. However, Finland’s performance

was negatively impacted by its year-on-year change. Countries with

negative ratings are collectively placed in cluster 2, with Romania

occupying the least favorable position. These observations offer

insights into the underlying factors contributing to the underper-

formance of countries typically considered developed. This aspect is

further illustrated and elaborated upon in Fig. 3.

Fig. 3 comprises two trend diagrams. Diagram A concentrates on

CM, while Diagram B focuses on the year-on-year change in CMU.

The negative trajectory of the CMU year-on-year change, as discussed

in Fig. 2, is particularly noteworthy. In Diagram A, a detailed exami-

nation of Finland and Luxembourg reveals a long-term downward

trend in circular materials consumption. Furthermore, in Diagram B,

these countries are distinctly marked by their obvious declines. This

trend necessitates a more in-depth analysis, particularly considering

these are the countries with relatively high economic development,

which initially suggested an expectation of contrary development.

Table 3 outlines the relationships between the indicators of

industry and infrastructure innovations and circular materials

Table 2

Descriptive analysis.

Var Value Annual change

Mean Std. Dev CV Min Max Mean Std. Dev CV Min Max

CMU 8.725 6.497 74.460 1.200 33.800 -0.52 25.82 4948.08 -257.89 65.79

ExpRaDBus 1.000 0.684 68.423 0.070 2.580 2.67 12.17 455.79 -60.00 45.89

ExpRaDGov 0.191 0.096 50.345 0.010 0.470 -0.15 12.90 8752.70 -88.24 50.00

ExpRaDHghEdu 0.413 0.226 54.680 0.040 1.040 -0.59 15.79 2655.28 -131.82 41.18

PersonRaDBus 0.636 0.413 65.001 0.056 1.668 4.88 9.87 202.36 -40.95 43.27

PersonRaDGov 0.156 0.093 59.390 0.007 0.501 -1.39 30.70 2205.35 -490.13 47.57

PersonRaDHghEdu 0.374 0.150 40.225 0.094 0.779 1.57 7.51 476.76 -34.06 50.87

PatentEPO 140.127 183.726 131.114 0.690 955.300 -0.82 56.33 6861.68 -891.27 73.57

PubTrans 17.704 4.616 26.072 5.800 32.400 -4.11 13.59 330.35 -73.28 26.50

AirEmis2.5 0.177 0.208 117.766 0.010 1.040 -5.65 20.11 355.98 -185.71 46.15

AirEmis10 0.238 0.265 111.250 0.020 1.290 -5.92 21.53 363.85 -194.74 42.11

EduMale 32.905 8.804 26.756 16.400 58.000 2.58 5.04 195.12 -13.00 34.92

EduFemale 46.127 10.558 22.889 22.000 69.600 2.52 4.14 164.79 -11.06 35.28

EnvGoodsGVA 2.436 1.180 48.431 0.590 6.920 1.81 8.77 483.99 -52.56 28.61

InternetTotal 42.740 28.489 66.656 0.000 100.000 15.77 19.02 120.61 -2.33 97.89

InternetLow 21.121 24.019 113.721 0.000 100.000 21.40 21.93 102.47 -4.76 94.59
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Fig. 1. Cluster map−evaluation CMU and the CMU year-on-year changes indicator.

Fig. 2. Cluster map−evaluation INNOV and the INNOV year-on-year changes indicator.

Fig. 3. Development of CMU and its annual change.
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consumption. The table is bifurcated into two sections: one detailing

the general outcomes and the other focusing on the year-on-year

changes in these outcomes.

The evaluation of the statistical significance of the coefficients pri-

marily contrasts with the year-on-year changes of the selected indi-

cators, where the vast majority did not exhibit a significant

relationship. In contrast, a significant relationship was confirmed in

most instances concerning the general outputs. For the significant

outputs, the level of relation predominantly ranged from medium to

high. A more comprehensive verification of these relationships is

subsequently conducted through panel regression analysis. Owing to

the exceedingly low prevalence of significant relationships, several

indicators describing year-on-year changes will be excluded from the

panel regression analysis.

Table 4 provides information about the preferences of the panel

regression models and the associated p-values. The outcomes in the

table demonstrate that the overall structure of the countries is statis-

tically significant. However, the structure of the countries in individ-

ual years remains disputable within the panel regression model. The

individual effects model was utilized, and the Hausman test indicates

statistical significance in only one instance. Therefore, the fixed effect

model is preferred in this context. The last column of the table

presents the results of the Breusch-Pagan test, indicating significant

heteroscedasticity in the majority of cases. Consequently, robust

methods will be employed to estimate the coefficients.

Table 5 illustrates the results of observed relationships confirming

the presence of significant connections between industry,

infrastructure innovations, and circular materials consumption. The

fixed model application was recommended only for the Person-

RaDGov -> CMU model. As we can see, the significance of this rela-

tionship was confirmed (statistic b: 38.829; standard error: 11.761;

p-value: 0.001). In addition to this relationship, significant relation-

ships were observed in 10 other models. In total, these models were

evident in 11 out of 15 cases. When interpreting these results, it is

advisable to consider the sign of the b coefficient. If the coefficient is

positive, then we can expect higher circular materials consumption

in countries with a higher level of industrial and infrastructure inno-

vations, and vice versa. In three cases (PubTrans, AirEmis2.5, AirE-

mis10), a negative relationship was identified, which is predictable

given the characteristics of the input variables. In these cases, coun-

tries with higher negative outputs, such as air pollution, as well as a

higher ratio of public transport (buses, trains), can be associated with

lower circular materials use.

Robustness

Table 6 presents an assessment of the robustness of the examined

models. Robustness was evaluated through the transformation of the

sample set. Eighteen countries were selected randomly for the ana-

lytical processes, with the number determined using a random algo-

rithm ranging from 10 to 20 countries. Subsequently, the random

algorithm specified a sample set consisting of the following specific

countries: Belgium, Bulgaria, Croatia, Cyprus, Czechia, Denmark, Esto-

nia, Finland, France, Greece, Luxembourg, Poland, Portugal, Romania,

Slovakia, Slovenia, Spain, and Sweden.

The robustness assessment suggests that the outcomes presented

in Table 5 are not expected to significantly differ from those in

Table 4. A comparison of the results reveals that, in several cases, the

models in the robustness table did not exhibit statistical significance

(p-value > 0.05) when compared to Table 4. Regarding the sign of the

coefficients, there was only one difference, which pertained to the

PersonRaDHghEdu fixed effects model. The results of the robustness

assessment are indicative of the sample, implying that outcomes

demonstrating consistent results and minimal deviation in the stan-

dard error between the regular and robust models can be generalized

for the entire EU. However, for models with different results, caution

is recommended when attempting to make generalizations.

To assess the position of individual countries in the relationship

between circular materials usage and innovations in the industry and

infrastructure (Fig. 4), we employed cluster analysis. The input for

this analysis was represented by average data, calculated by averag-

ing values for each country over the observed period. Subsequently,

the data were standardized to a scale from 0 to 1, where a higher

value indicates a more positive evaluation. The indicators for industry

Table 3

Correlation analysis - Spearman r - the industry and infrastruc-

ture innovations with CMU.

CMU Value Annual change

coef p val coef p val

ExpRaDBus 0.573 <0.001 0.137 0.018

ExpRaDGov 0.382 <0.001 0.033 0.571

ExpRaDHghEdu 0.403 <0.001 0.064 0.273

PersonRaDBus 0.577 <0.001 0.037 0.529

PersonRaDGov 0.171 0.002 0.051 0.382

PersonRaDHghEdu 0.153 0.006 0.057 0.329

PatentEPO 0.548 <0.001 -0.076 0.192

PubTrans -0.061 0.295 -0.079 0.198

AirEmis2.5 -0.350 <0.001 -0.080 0.190

AirEmis10 -0.351 <0.001 -0.118 0.052

EduMale 0.185 0.001 -0.028 0.636

EduFemale 0.048 0.388 0.043 0.464

EnvGoodsGVA 0.031 0.65 -0.038 0.605

InternetTotal -0.027 0.67 -0.015 0.831

InternetLow 0.012 0.858 -0.019 0.799

Table 4

Condition tests of application of the panel regression models.

Model F test Country F test Year Hausman Test Breusch-Pagan

ExpRaDBus -> CMU 121.92 [<0.001] 0.13 [1] 2.79 [0.095] 22.99 [<0.001]

ExpRaDGov -> CMU 100.33 [<0.001] 0.39 [0.96] 0.49 [0.485] 1.51 [0.219]

ExpRaDHghEdu -> CMU 94.54 [<0.001] 0.26 [0.992] 2.1 [0.147] 24.92 [<0.001]

PersonRaDBus -> CMU 104.63 [<0.001] 0.11 [1] 0.06 [0.802] 64.45 [<0.001]

PersonRaDGov -> CMU 126.4 [<0.001] 0.25 [0.994] 5.33 [0.021] 2.08 [0.149]

PersonRaDHghEdu -> CMU 103.71 [<0.001] 0.19 [0.998] 0.13 [0.715] 3.43 [0.064]

PatentEPO -> CMU 87.42 [<0.001] 0.29 [0.988] 0.86 [0.354] 46.07 [<0.001]

PubTrans -> CMU 116.53 [<0.001] 0.18 [0.998] 0.31 [0.58] 31.8 [<0.001]

AirEmis2.5 -> CMU 100.61 [<0.001] 0.2 [0.996] 0.08 [0.777] 5.78 [0.016]

AirEmis10 -> CMU 100.84 [<0.001] 0.21 [0.996] 0.35 [0.555] 3.14 [0.076]

EduMale -> CMU 111.04 [<0.001] 0.1 [1] 0.01 [0.911] 49.51 [<0.001]

EduFemale -> CMU 119.47 [<0.001] 0.19 [0.998] 0.87 [0.351] 9.53 [0.002]

EnvGoodsGVA -> CMU 106.14 [<0.001] 0.31 [0.979] 0.25 [0.617] 7.14 [0.008]

InternetTotal -> CMU 189.81 [<0.001] 0.55 [0.819] 1.07 [0.302] 0.24 [0.624]

InternetLow -> CMU 179.72 [<0.001] 0.37 [0.935] 0.32 [0.571] 3.42 [0.064]
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Table 5

Interconnection of the industry and infrastructure innovations indicators and CMU.

Coefficient Within - Arellano Random - white2

Estimate [st. error] p value R2 / R2 adj Estimate [st. error] p value R2 / R2 adj

ExpRaDBus 6.912 [1.406] <0.001 0.287 / 0.222 6.545 [0.637] <0.001 0.274 / 0.272

(Intercept) - 2.181 [1.280] 0.089

ExpRaDGov 10.961 [6.519] 0.094 0.036 / �0.051 11.520 [3.012] <0.001 0.039 / 0.036

(Intercept) - 6.524 [1.243] <0.001

ExpRaDHghEdu 0.931 [3.396] 0.784 0 / �0.091 2.428 [1.854] 0.191 0.004 / 0.001

(Intercept) - 7.723 [1.378] <0.001

PersonRaDBus 8.908 [1.972] <0.001 0.271 / 0.205 8.842 [0.907] <0.001 0.271 / 0.269

(Intercept) - 3.115 [1.118] 0.006

PersonRaDGov 38.829 [11.761] 0.001 0.168 / 0.092 34.976 [6.251] <0.001 0.144 / 0.142

(Intercept) - 3.251 [1.422] 0.023

PersonRaDHghEdu 1.971 [7.541] 0.794 0.002 / -0.089 2.260 [2.592] 0.384 0.002 / �0.001

(Intercept) - 7.879 [1.508] <0.001

PatentEPO 0.007 [0.005] 0.115 0.009 / �0.082 0.010 [0.007] 0.166 0.022 / 0.019

(Intercept) - 7.338 [1.242] <0.001

PubTrans �0.284 [0.065] <0.001 0.081 / �0.012 �0.278 [0.049] <0.001 0.074 / 0.071

(Intercept) - 13.585 [1.513] <0.001

AirEmis2.5 �6.894 [4.598] 0.135 0.021 / �0.077 �7.259 [2.303] 0.002 0.026 / 0.023

(Intercept) - 9.954 [1.276] <0.001

AirEmis10 �3.834 [2.220] 0.085 0.018 / �0.081 �4.203 [1.589] 0.009 0.022 / 0.019

(Intercept) - 9.673 [1.255] <0.001

EduMale 0.165 [0.073] 0.024 0.082 / �0.002 0.164 [0.031] <0.001 0.079 / 0.076

(Intercept) - 3.335 [1.489] 0.026

EduFemale 0.146 [0.063] 0.020 0.109 / 0.028 0.142 [0.024] <0.001 0.109 / 0.099

(Intercept) - 2.188 [1.591] 0.170

EnvGoodsGVA 0.664 [0.900] 0.462 0.008 / �0.138 0.537 [0.633] 0.398 0.002 / �0.003

(Intercept) - 7.684 [1.941] <0.001

InternetTotal 0.025 [0.009] 0.003 0.122 / 0.011 0.025 [0.005] <0.001 0.108 / 0.104

(Intercept) - 7.839 [1.276] <0.001

InternetLow 0.023 [0.008] 0.003 0.074 / �0.043 0.023 [0.006] <0.001 0.065 / 0.061

(Intercept) - 8.421 [1.269] <0.001

Table 6

Interconnection of the indicators and CMU - robustness evaluation.

Coef Within - Arellano Random - white2

Estimate [st. error] p value R2 / R2 adj Estimate [st. error] p value R2 / R2 adj

ExpRaDBus 6.696 [1.696] <0.001 0.285 / 0.219 6.177 [0.733] <0.001 0.272 / 0.268

(Intercept) 1.964 [1.302] 0.133

ExpRaDGov 13.572 [7.723] 0.080 0.059 / �0.027 14.565 [3.509] <0.001 0.067 / 0.062

(Intercept) 5.178 [1.190] <0.001

ExpRaDHghEdu 2.813 [4.659] 0.547 0.004 / �0.087 3.586 [2.227] 0.109 0.009 / 0.004

(Intercept) 6.612 [1.539] <0.001

PersonRaDBus 8.854 [2.886] 0.002 0.23 / 0.159 8.445 [1.202] <0.001 0.23 / 0.227

(Intercept) 2.907 [1.150] 0.012

PersonRaDGov 40.400 [13.938] 0.004 0.198 / 0.125 34.987 [7.297] <0.001 0.166 / 0.162

(Intercept) 2.096 [1.507] 0.166

PersonRaDHghEdu �2.809 [12.416] 0.821 0.003 / �0.089 �0.573 [3.861] 0.882 0.001/ �0.005

(Intercept) 8.324 [1.813] <0.001

PatentEPO 0.006 [0.005] 0.306 0.005 / �0.086 0.007 [0.008] 0.369 0.015 / 0.01

(Intercept) 7.112 [1.256] <0.001

PubTrans �0.269 [0.087] 0.002 0.063 / �0.031 �0.256 [0.066] <0.001 0.055 / 0.05

(Intercept) 12.608 [1.734] <0.001

AirEmis2.5 �6.514 [4.832] 0.179 0.023 / �0.076 �6.701 [2.409] 0.006 0.029 / 0.024

(Intercept) 9.575 [1.399] <0.001

AirEmis10 �3.463 [2.294] 0.133 0.018 / �0.081 �3.867 [1.656] 0.021 0.024 / 0.019

(Intercept) 9.261 [1.354] <0.001

EduMale 0.057 [0.117] 0.627 0.007 / �0.084 0.083 [0.052] 0.112 0.014 / 0.01

(Intercept) 5.387 [1.826] 0.004

EduFemale 0.070 [0.091] 0.441 0.02 / �0.069 0.081 [0.035] 0.021 0.026 / 0.022

(Intercept) 4.292 [1.882] 0.024

EnvGoodsGVA 0.029 [0.949] 0.975 0.001 / �0.150 �0.062 [0.728] 0.932 0.001/ �0.007

(Intercept) 8.424 [2.307] <0.001

InternetTotal 0.019 [0.014] 0.167 0.051 / �0.068 0.019 [0.008] 0.016 0.045 / 0.039

(Intercept) 7.255 [1.318] <0.001

InternetLow 0.008 [0.009] 0.333 0.007 / �0.118 0.008 [0.008] 0.331 0.006 / 0.001

(Intercept) 7.911 [1.278] <0.001
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and infrastructure innovations were averaged to create a new vari-

able. However, for the occurrence of solid particles in the air of

2.5 mm and 10 mm, standardization was reversed, meaning a more

positive evaluation represents a lower occurrence of pollution. The

silhouette method was utilized to determine the number of clusters,

recommending a division into three clusters. Fig. 3 prominently high-

lights that countries in the upper-right corner can be considered the

best-rated, while those in the lower-left corner are the worst-rated.

With this perspective in mind, we draw attention to the position of

the countries in the blue cluster, which includes Romania, Portugal,

Croatia, and Bulgaria. Denmark holds the most favorable position in

terms of innovations in the industry and infrastructure, while the

Netherlands excels in terms of CMU.

Discussion

The primary objective of this study was to quantify the impact of

industry and infrastructure innovations on sustainable production

and consumption within the CE in EU countries. To achieve this aim,

the study followed two distinct research trajectories. In the first area,

the study examined the positions of EU countries in terms of circular

materials consumption and innovations in industry and infrastruc-

ture. Significant differences were observed in both circular materials

consumption and innovations in industry and infrastructure among

the countries. The second research trajectory focused on exploring

the interconnection between innovations in industry and infrastruc-

ture and circular materials consumption.

In the initial phase of the analytical processes, descriptive analysis

was applied to evaluate the overall outcomes and their year-to-year

changes. The results of the analyses confirmed significant differences

among the countries, particularly in year-on-year changes. Some

indicators exhibited coefficients of variation on the order of hundreds

to thousands percent, highlighting substantial fluctuations over time.

These significant changes in the monitored CE indicators align with

findings from previous research studies (Tantau et al., 2018; Sverko

Grdic et al., 2020).

Investigation of the relations between CE material use and innovation

indicators

The interconnection between circular materials consumption,

innovation indicators, and their interannual changes was investi-

gated through cluster analysis. Some countries exhibited very low

values of year-on-year changes and an average, or even below-

average, level of circular materials consumption, as seen in Finland

and Luxembourg. Romania also displayed very low circular materi-

als consumption and a low growth rate in year-on-year changes. In

contrast, countries such as the Netherlands, Belgium, and France

showed relatively high levels of circular materials consumption

and year-on-year growth rates in the monitored indicators.

Regarding industry and infrastructure innovation, Luxembourg,

Sweden, and Denmark dominated in this area, while Romania

lagged significantly behind. These findings align with the results of

several research studies, including L�opez-Portillo et al. (2021),

Bassi and Dias (2019), and others, which explicitly confirm differ-

ences in CE use rates among countries. These differences are

attributed to various factors, such as waste treatment behavior,

R&D expenditures, GDP per capita, and resource productivity. Bassi

and Dias (2019) confirmed the relevance of examining the funda-

mental characteristics of enterprises, such as their size in terms of

the number of employees, turnover, and sector. They also dis-

cussed the influence of the various adapted policies in the EU

countries. The importance of the sector as a determinant of the

different CE use rate in relation to the innovations is also con-

firmed by Brandao et al. (2021), Pinchuk et al. (2019), and others.

From the outcomes of the cluster analysis examining the relation-

ship between circular materials consumption and industry and infra-

structure innovations, it appears that Romania is among the

countries with the lowest rating. Portugal, Croatia, Bulgaria, and

Cyprus also fall into this category. Despite their low ratings, these

countries have the potential for stable and rapid growth if appropri-

ate policies are implemented. Denmark, Luxembourg, Finland, Swe-

den, and the Netherlands received positive evaluations. However,

there is a negative trend in year-on-year changes, particularly in Lux-

embourg and Finland, suggesting that these countries should focus

on this area and use appropriate policies to positively influence the

trend. Constructing optimal policies to improve circular materials

usage rates and increase industry and infrastructure innovations is a

complex process in each country. Challenges include insufficient

measurements, classification of indicators according to CE strategies,

measurement ranges, methodologies for estimating CE potentials,

and more, as highlighted in studies by Moraga et al. (2019), Geerken

et al. (2019), Rinc�on-Moreno et al. (2021).

From the analytical outcomes of panel regression analysis, it is

demonstrated that there is a significant relationship between innova-

tion indicators and circular materials usage rates in the majority of

cases. Overall, a significant relationship was confirmed in 11 out of

15 tested relationships.

Fig. 4. Cluster map of CMU and the innovations in industry and infrastructure.
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Evaluation of the research questions RQ1 to RQ8

In the investigation of the eight research questions focused on

various indicators, interesting results were discovered:

RQ1 aimed to verify the relationships between circular materials

usage and gross domestic expenditure on R&D. A positive, significant

relationship was identified for the ratio of expenditures on science

and research in the business and government sectors. A stronger rela-

tion was found in the business sector compared to the government

sector. However, no significant relationship was confirmed for higher

education. These findings suggest that countries with a higher ratio

of spending on science and research in both the business and govern-

ment sectors tend to exhibit a higher rate of circular materials usage.

Increased investment in these areas could potentially boost circular

materials usage.

As part of RQ2, the relationship between circular materials con-

sumption and employment in R&D was investigated. A positive, sig-

nificant relationship was observed in the business and government

sectors, while the higher education sector did not exhibit a significant

correlation with circular material usage. Assessing the employment

aspect in relation to CE presents procedural challenges in many Euro-

pean countries due to the diverse job requirements in Central Europe.

This necessitates the implementation of specific education and train-

ing programs, as highlighted in studies by Burger et al. (2019) and

Dumitrescu (2020). Dieleman and Martínez-Rodríguez (2019) also

emphasize the slow progress in implementing CE processes, which

can impact various CE-related indicators.

In RQ3, the impact of patents on circular materials usage was

explored, but no significant relationship was demonstrated. This

result aligns with the findings of Zwart (2021), which suggest that

patents do not currently drive global CE advancement. However,

there are studies, such as those by Portillo-Tarragona et al. (2022)

and Marín-Vinuesa et al. (2023), which present different perspectives

on the role of patents in CE development.

RQ4 focused on linking the ratio of public transport to total trans-

port with circular materials usage, revealing a negative, significant

relationship. Even in developed countries with higher circular mate-

rials usage, public transport is not significantly preferred. De Blas

et al. (2020) confirm that climate stabilization cannot be achieved

solely by replacing diesel vehicles with electric ones. These findings

are consistent with Alaerts et al. (2020), who criticize the lack of a sig-

nificant shift from personal transport to more eco-friendly alterna-

tives within countries. Addressing this issue requires structural

changes in transport systems, demanding effective decision-making

processes and the development of smart mobility plans, as discussed

by Pamu�car et al. (2023).

RQ5 explored the field of air pollution and found negative, signifi-

cant relationships with circular materials consumption. Many

authors advocate for improved planning of preventive measures for

air pollution and the search for optimal solutions to achieve zero pol-

lution, as highlighted by Awan et al. (2019). These challenges also

entail evaluating health impacts. Addressing these issues requires

not only the introduction of new-generation production processes

but also the application of AI elements, which are expected to have

positive effects across all sectors, as suggested by Pinchuk et al.

(2019) and Xiong and Xu (2021).

The tertiary education rate is frequently investigated in relation to

CE. Moreover, discussions surrounding the requirements for the edu-

cation system in relation to CE strategies are on the rise. The inade-

quately developed CE concepts or significant differentiation within

sectors can contribute to the creation of non-systematic educational

programs. This, in turn, leads to incompatibility with CE utilization

and its outcomes. This aspect was explored within the framework of

RQ 6. Gender aspects introduce other interesting perspectives to this

issue. It was discovered that in countries where there is a higher par-

ticipation rate in tertiary education among individuals aged 25 to 35,

both men and women, a greater utilization of circular materials can

be anticipated. The association was found to be slightly stronger in

women than in men. These findings align with previous studies such

as Bugallo-Rodríguez and Vega-Marcote (2020), Burns (2018), Cole-

man and Gould (2019), and Serrano-Bedia and Perez-Perez (2022).

These studies highlight that in many countries, an educational system

compatible with the requirements of CE processes is being devel-

oped. Countries recognize the significance of higher education in CE

transformation processes. However, there is a lack of studies analyz-

ing the critical role of universities in the transition of the countries to

CE. To ensure the continuous evolution of the traditional education

system into a dynamic one that reflects the transitioning economies

toward CE, cross-sector collaboration and network-building at the

national and international levels will be essential. Some authors also

emphasize the need to establish dynamic university management

models, which will require cross-sector collaborative ties as well (Qu

et al., 2021).

RQ7 examined the relationship between circular materials usage

and the gross added value of environmental goods in the environ-

ment and resource management sector but did not uncover statisti-

cally significant results.

Industry and infrastructure innovations are frequently explored

with the internet connection indicator. As part of RQ8, the investiga-

tion delved into the relationship between circular materials use and

high-speed internet coverage. A significant positive correlation was

identified in this indicator, both without regional development cate-

gorization and beyond industrial units. These findings align with the

outcomes of several research studies, which emphasize a clear con-

nection to the Internet of Things (IoT). IoT can potentially facilitate

the digitalization of numerous operations and processes (Kerdlap

et al., 2019). Some research studies point out that the IoT technolo-

gies, despite their strong potential for driving the digital transforma-

tion of economies toward sustainability, it does not contribute to the

sustainable development of the IoT sector itself due to its significant

carbon footprint resulting from the use of scarce raw materials

and energy in production, operation, and recycling processes (Fraga-

Lamas et al., 2021). Nevertheless, recent studies offer guidance on

how to leverage IoT to support CE strategies (Rejeb et al., 2020; Beier

et al., 2018; Ferrera et al., 2017).

Some authors affirm that current research aligns with the goals

defined by various national programs (Machado et al., 2020). How-

ever, our research results highlight several research gaps and, conse-

quently, define new research opportunities in the field. These

opportunities aim to clarify specificities within sectors and their

interconnections, particularly concerning the current state of CE

development and technological innovation.

Conclusion

The concepts of sustainable production and consumption, along

with the integration of new technologies, should comprehensively

support multiple dimensions of sustainability. This includes the

development of SBMs, sustainable supply chains, sustainable circular

production systems, and product design, among other aspects.

Numerous research studies reveal that this field is not yet fully con-

solidated and is influenced by various factors. Therefore, it is crucial

to understand the approaches to the most critical dimensions of sus-

tainable production and consumption and examine the influence of

innovative and technological potential on them. CE policies in indi-

vidual countries play a significant role and are a key component of

climate policies. The choice of preferred policies depends on their

creators and the primary goals they aim to achieve. While economic

outcomes should not dominate the selection of environmental poli-

cies, it is important to identify and prioritize other environmental

objectives. Policies that stimulate innovation will be essential for

the transition to a CE, and their impact on the efficiency and
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competitiveness of industries in Europe is expected to grow. Identi-

fied regional disparities and discrepancies within countries in the

field of CE highlight the need for secondary redistribution policies to

maintain public support for the CE transition. The results of our study

draw attention to these facts. The primary objective of this study was

to quantify the impact of industry and infrastructure innovations on

sustainable production and consumption in the context of the CE

within EU countries. Secondary data spanning from 2010 to 2021

related to SDG-9 and SDG-12 was analyzed. The study employed

regression analysis and clustering analysis to investigate eight

research questions. The results revealed significant variations in the

relationships between CMU and innovations in industry and infra-

structure. The study results affirm the significance of exploring the

mentioned relationships, recognizing that this area constitutes only a

partial aspect of the broader landscape of innovation and technologi-

cal development processes. While this research framework provided

valuable insights, it also highlighted the need for further research to

improve CE processes and integrate them into technological and

innovation development. By examining the relationships between

individual indicators, significant differences between countries were

identified. These differences were influenced by various policies,

rates of technological and innovative development, and demographic

and socio-economic characteristics. This underscores the need for

investigating the individual dimensions using in-depth data and

emphasizes the importance of creating shared national and interna-

tional databases. Such databases would enable the active connection

between micro and macro levels, which is crucial for crafting effec-

tive policies within CE and developing new approaches and method-

ologies.

It is important to note that the study identified some data limita-

tions. The gross value-added indicator in the environmental goods

and services sector demonstrated relatively many missing statistical

units in the initial years. In addition, the indicator for the ratio of pub-

lic transport is not comprehensive, as it does not encompass all types

of transport. When interpreting results related to these indicators,

caution is advised. Future research will focus on uncovering the

determinants that contributed to the negative assessment of circular

materials consumption in developed countries such as Luxembourg

and Finland.
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