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Abstract

Despite growing interest in sustainability transitions, there is the limited literature on how
Industry 4.0, the circular economy, renewable energy, and ecological sustainability interact.
This paper aimed to analyze the nexus among Industry 4.0, the circular economy, ecological
footprint, renewable energy, and sustainable development across 14 European countries
during 2001-2024 by using the PBARDL and Panel PQARDL approaches as well as the
panel Granger causality test. To capture both average and distributional effects, the analysis
employed Panel Bootstrap ARDL (PBARDL), Panel Quantile ARDL (PQARDL) and panel
Granger causality tests. In the first stage, the PBARDL test was employed to determine
the dependent variables. The existence of a single cointegrated vector was confirmed by a
country-specific Johansen test and Panel Johansen test. Both the PQARDL methods, which
has two and three quantiles, and the PBARDL method showed the evidence of cointegration
among the selected variables. The long-run and short-run coefficients as well as the ECM
coefficients of the PQARDL test were compared with those of the PBARDL test. Granger
causality results were obtained. In the second stage, robustness testing was performed for
the PQARDL model. The model was tested by excluding the control variable and the results
of the model without control variables were compared with those of the main PQARDL
model. Subsequently, alternative values of A were applied to the model without control
variables. The obtained results confirmed the baseline model’s results. Finally, to avoid
the reverse causality problem, the results of the Granger causality test under different lag
structures confirmed the stability of the estimated directions of Granger causality. Granger
causality results revealed the evidence of one-way causality from the circular economy to
renewable energy and from Industry 4.0 to the circular economy. Evidence of bidirectional
causality was found between the CE and the ecological footprint; the ecological footprint
and renewable energy; SDI and renewable energy; the CE and renewable energy; and 14.0
and renewable energy. According to the results, government policies need to focus more on
renewable energy, energy transition, sustainable development, and the circular economy.

Keywords: circular economy; ecological footprint; renewable energy; sustainable develop-
ment; cointegration; Panel Bootstrapping ARDL; Panel Quantile ARDL

1. Introduction

In recent decades, accelerating industrialization, rising energy demand, climate change
and increasing resource scarcity have intensified global concerns regarding environmental
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sustainability. The traditional linear economic model commonly described as a “take-make—
dispose” system has generated substantial economic growth but has also contributed to
excessive resource extraction, environmental degradation and waste accumulation. As
ecological pressures continue to rise, policymakers and researchers have increasingly
emphasized the need for sustainable development strategies that promote efficient resource
utilization while minimizing environmental damage.

The historical evolution of industrial systems helps to explain this transformation. The
Third Industrial Revolution characterized by automation and the widespread adoption of
electronic technologies in production processes significantly improved productivity and
operational efficiency. However, these gains were accompanied by intensified resource
consumption, increased waste generation and higher environmental pressure. In contrast,
the Fourth Industrial Revolution (I4.0) introduces a new technological paradigm based
on digitalization, artificial intelligence, automation, smart manufacturing, the Internet of
Things, and data-driven decision-making. Unlike previous industrial transformations, 14.0
offers not only productivity gains but also the potential to optimize resource use and im-
prove environmental performance. Within this transformation, the circular economy (CE)
has emerged as one of the most prominent alternatives to the conventional linear produc-
tion model. Rather than following a system based on extraction, production, consumption,
and disposal, the circular economy emphasizes resource efficiency, waste minimization,
recycling, reuse, refurbishment, and product life extension. By reducing material through-
put and improving resource productivity, CE principles support the transition toward
more sustainable production and consumption systems. Consequently, circular economy
practices are increasingly recognized as essential instruments for achieving sustainable
development goals.

The integration of 14.0 technologies enables businesses to adopt circular economy
principles more effectively. By employing these technologies, firms can reduce their eco-
logical footprint and enhance the CE within the framework of sustainable development
(SD). As accented by [1,2], 14.0 and various digital technologies are crucial in formulat-
ing business models for the CE, because digital technologies have become crucial tools
by offering numerous possibilities for businesses. By embracing renewable energy (RE),
societies can support sustainable development goals, lower their ecological footprint and
move closer to a CE ultimately by contributing to a balanced, resilient and sustainable
global system. On the other hand, 14.0 can promote the adoption of RE by facilitating
peer-to-peer energy trading platforms and methods for authenticating energy sources. 14.0
technologies facilitate the smooth integration of diverse renewable energy sources into
smart grids by improving grid stability and promoting the transition to a decentralized
energy system. Renewable energy is very important to the construction and development
of this process. And, it also has an important relationship with other actors in the process.
Renewable energy affects other variables and is affected by other variables. Collectively,
these variables might have a synergistic impact, wherein the utilization of RE diminishes
ecological footprints and promotes a circular economy, both of which are essential for
attaining sustainable development. The CE helps to reduce the demand for raw materials
required for renewable energy technologies such as rare elements for wind turbines or
lithium for batteries. CE practices extend the life of RE tools through better design for
longevity repair and refurbishment. The focus on circularity encourages innovation in
developing new more sustainable materials and technologies by leading to more efficient
and less resource-intensive RE systems.

When reviewing the literature, it is observed that some studies focus on the relation
between the CE and 14.0, while others focus on the CE and SD. For example, in pursuit
of the papers of [3-6], on the circular economy, some papers investigated its relation-
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ship with SD. Ref. [7] asserted that the CE originates from the ideas of SD. According
to several papers, the CE can concurrently improve the environmental, social and eco-
nomic features [8], waste management [9], energy efficiency [10], and finally long-term
economic development [11-13]. In this process, some papers highlighted the importance
of the interconnections between 14.0 and the CE in facilitating the transition to circular
production systems.

Nonetheless, despite the growing importance of the interactions among Industry 4.0,
the circular economy, renewable energy, ecological footprint, and sustainable development,
the existing literature remains fragmented and has primarily focused on isolated aspects
of the circular economy rather than their integrated dynamics [14]. Consequently, no
previous paper has jointly investigated the long-run equilibrium and causal relationships
among 14.0, renewable energy, sustainable development, ecological footprint, economic
growth, and the circular economy for a panel of fourteen European countries (Spain,
Sweden, Switzerland, Germany, Italy, Luxembourg, Portugal, the Netherlands, Norway,
Austria, Belgium, Denmark, Finland, and France) over the period 2001-2024 by employing
a comprehensive Panel Quantile framework.

To address these theoretical and methodological gaps, this paper will employ the
Panel Bootstrap ARDL (PBARDL), Panel Quantile ARDL (PQARDL), and panel Granger
causality methods. From a methodological perspective, the paper will integrate standard
panel cointegration methods with quantile-based dynamic estimation to examine whether
the long-run and short-run coefficients and adjustment processes differ across quantiles.
In recent years, some papers have used panel threshold models, especially papers using
economic growth used Panel Threshold Regression (PTR), panel STAR models and Panel
Threshold ARDL (PTARDL) models.

Although PTR and PTARDL models have recently become popular for modelling
regime-dependent relationships, their implementation requires the estimation of one
or more common threshold values that partition all cross-sectional units into identical
regimes. In multi-country panels, however, identifying a common threshold applicable
to all economies is particularly challenging because countries differ substantially in their
technological readiness, environmental policies and stages of sustainable development.
Consequently, a common threshold may not adequately represent the transition dynamics
characterizing the panel. In contrast, the PQARDL method will estimate long-run and
short-run relationships across different conditional quantiles of the dependent variable
without imposing a common threshold value. Rather than identifying discrete regime
shifts, PQARDL will capture distributional heterogeneity by making it particularly suitable
for panel data and providing greater flexibility than threshold-based methods.

Another methodological advantage of this study is that the empirical specification
minimises the risk of omitted-variable bias by employing two comprehensive indicators,
namely the Sustainable Development Index (SDI) and the ecological footprint (EF). Unlike
conventional sustainability models that require numerous control variables, the SDI already
incorporates the economic, social, and environmental dimensions of sustainable develop-
ment, while the ecological footprint captures aggregate environmental pressure arising
from production and consumption activities. Consequently, introducing additional macroe-
conomic variables, such as economic growth or energy intensity, could generate unneces-
sary econometric complications by including multicollinearity and over-parameterization
without providing substantial additional explanatory power.

The empirical analysis will be conducted in several sequential stages. First, cross-
sectional dependence and panel unit root tests will be performed. Subsequently, both the
panel Johansen cointegration test and country-specific Johansen cointegration tests will
be employed to verify the existence of a unique cointegrating vector, which constitutes
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a fundamental assumption of the ARDL framework. The PBARDL model will then be
estimated to determine the appropriate cointegrating normalization (dependent-variable
specification) and to obtain long-run and short-run estimates. Following this stage, the
PQARDL model will constitute the principal empirical framework. The baseline specifi-
cation will be estimated using three conditional quantiles (t = 0.25, 0.50, and 0.75). The
empirical analysis will conclude with a panel Granger causality test to identify directions
of causality by providing a comprehensive basis for policy recommendations concerning
sustainable development and the green transition in 14 European economies. A compre-
hensive robustness analysis will subsequently be undertaken. First, to examine whether a
more parsimonious specification produces comparable empirical evidence, an additional
two-quantile specification (T = 0.49 and 0.99) will also be estimated. The estimated long-run
elasticities, short-run coefficients and error-correction terms obtained from the two spec-
ifications will be systematically compared to evaluate the empirical results with respect
to the number of estimated quantiles. Second, three-quantile models will be re-estimated
after excluding the control variables to evaluate the sensitivity of the estimated coefficients
to model specification. Third, quantile specifications will be re-estimated under alternative
values of A to assess the stability of the estimated long-run and short-run parameters.
And lastly, as a final robustness exercise, the panel Granger causality analysis will be
re-estimated under alternative lag specifications to assess the sensitivity of the identified
Granger causality to lag selection.

Contribution of the Paper

This paper will contribute to the literature in several important ways. First, while
prior research has simultaneously not examined the relationships between CE, SD, RE,
14.0 and EP, this paper will explore the relation among these variables within an empiri-
cal framework. By doing so it will provide a more comprehensive understanding of the
interdependencies among digital transformation, resource efficiency and environmental
sustainability in the context of the selected variables: CE, SD, RE, 14.0 and EP. To illustrate
these theoretical interrelationships more clearly, Figure 1 illustrates the conceptual trans-
mission mechanism among Industry 4.0, circular economy, renewable energy, ecological
footprint and sustainable development.

All Industry 4.0
l A\ 4 4
“ Circular Economy ‘ Renewable Energy Resource Efficiency
' * Resource circulation ’ « Clean energy generation + Smart manufacturing
.’ « Waste reduction « Energy transition « Process optimization
* Material efficiency * Low-carbon innovation + Input efficiency

L J J
1 1

Ecological Footprint ® Sustainable Development
(Environmental Pressure) V ;
@0, 5 > « Economic growth
° = Higher resource use l o Socialwell-being
* Increased emissions ' '

+ Environmental quality
= Environmental degradation

Figure 1. Theoretical flow.
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Second, unlike existing papers, this paper will apply both Panel Bootstrap ARDL
(PBARDL) and Panel Quantile ARDL (PQARDL) methodologies. This dual-method ap-
proach allows for the investigation of both average and distributional effects by capturing
cross countries and different economic conditions. In addition, the use of panel Granger
causality analysis enables the identification of direction of causality among the variables.
Third, this paper will extent the empirical literature by focusing on 14 European countries
over the period 2001-2024 by providing long-term and regionally comparable evidence
on sustainability transitions within European economies. Prior to this, some papers have
applied PARDL or panel VEC methods, but these methods do not yield results for the differ-
ent quantile that PQARDL provides. They give a common result for all countries included
in the panel. Finally, by combining cointegration analysis with quantile-based dynamics,
the paper offered new insights into how the effects of CE, SD, RE, 14.0 and EP mechanisms
vary across countries. These results will provide important results for policymakers aiming
to design integrated strategies of renewable energy adoption, industry 4.0, and the circular
economy to success aim of ecological footprint and sustainable development in Europe.

This article is organized as follows: After the introduction, Part II delves into the
literature. Part III outlines the methodology and data, while Part IV encompasses the
empirical results. Part V covers the discussion. The concluding section incorporates these
conclusions and explores the economic policy implications.

2. Literature
2.1. Theoretical Foundations of Circular Economy

Ref. [3] argued that the resource input into the economic system must equal the waste
output suggesting a circular relationship between economic and environmental interactions
rather than linear linkages. Ref. [4], focusing primarily on industrial economics, outlined
the concept of a loop economy. Ref. [5] established the concept of “closing the loop” by
promoting techniques like product longevity, reuse, remanufacturing, and recycling. His
influential research, “The Product-Life Factor”, released in 1982, established the founda-
tion for contemporary comprehension of CE principles. Subsequent papers refined the
conceptual definition of a CE as a resource-efficient and regenerative economic system.
Refs. [5,6] developed this literature, and then some papers explored CEs from different
perspectives. Ref. [15] explored the concept of a CE to establish a more resource-efficient
economic system. Ref. [16] defined a CE. Ref. [17] characterized CEs as a regenerative
system attained through practices.

A large strand of the literature focused on CE practices. A CE has been widely
associated with improvements in resource efficiency, waste reduction, and sustainable
production systems. Ref. [18] accented that CEs and big data can enhance sustainable
manufacturing in flexible supply chains. Refs. [19,20] highlighted initiatives aimed at
recovering dry materials via recycling and product reuse, alongside efforts to reduce or
eliminate waste generation entirely. Policy-oriented papers showed that CE implementation
varies across institutional settings. Ref. [21] showed that while certain policies focus on
enhancing conventional waste management frameworks, others strive for a complete
overhaul by introducing decentralized management prevention measures and initiatives
aligned with the principles of the CE. Ref. [22] presented a review of CE conception in the
frame of developing countries. Ref. [23] explored the implementation of a CE approach for
managing food waste specifically within the context of production in Italy.

2.2. Industry 4.0, Renewable Energy and Circular Transition

Some papers investigated the connection between renewable energy and blockchain
technology. Smart contracts and disintermediation enable direct peer-to-peer energy trad-
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ing among producers and consumers of individual solar energy. A few papers have
examined the beneficial impacts of blockchain technology on the management of RE and
sustainability [24-26]. Research on sustainability and blockchain in the energy sector has
significantly increased in recent years [27,28]. Recent research demonstrated that blockchain
technology can facilitate the three principles of the CE: reduction, reuse, and recycling.
Blockchain-dependent management systems of the supply chain improve traceability in in-
tricate supply-chains [26,29] and encourage responsible purchasing behaviour through the
provision of precise information [30]. Ref. [31] examined the financial backing provided by
banks for RE sources, highlighting a design challenge in the framework of blockchain-based
renewable energy micro-inputs. Blockchain can enhance waste management by enabling
waste exchange platforms and recycling initiatives via smart contracts [32]. Ref. [33] evalu-
ated blockchain-combined energy systems from five perspectives: social, environmental,
corporate, technological and economic. The framework offered a comprehensive analysis
of blockchain’s diverse effects on the energy sector and presented recommendations for
future research for both practitioners and scholars.

Ref. [34] analyzed the main role of the CE in directing materials throughout the
value chain, managing resources and optimizing energy efficiency. Ref. [35] examined the
challenges and opportunities that arise from the integration of new technologies with the
goals of the CE. The results highlight the disruptive influence of emerging technologies by
including blockchain and Al on the progression of the CE.

Furthermore, Ref. [36] indicated that municipal solid waste and livestock manure
are commonly utilized to generate renewable energy via the biorefinery process. Ref. [37]
examined the relations between the CE and Process Integration for RE. Ref. [38] found that
adopting a CE approach can facilitate increased adoption of RE and support the transition
toward sustainable energy. They suggested that regional financial institutions play a pivotal
role in implementing the intended regulations guided by circular principles.

2.3. Industry 4.0, Sustainability, Ecological Footprint and Circular Economy

In terms of environmental outcomes, CE practices have been consistently linked to
reductions in CO; emissions and ecological pressure. Ref. [39] discussed the need to
protect the environment by addressing problems such as biodiversity and climate change
conservation while curbing the waste of natural resources. Ref. [40] explored innovative
approaches to the CE and sustainability. Ref. [41] discussed the association between energy
transition and the CE and discovered that these two concepts share common characteristics
embedded in SD aims. Ref. [42] demonstrated that higher recycling rates significantly
reduce emissions over time, although effects differ across EU countries. Ref. [43] confirmed
a negative relationship between CE practices and CO, emissions in the EU-15. Ref. [44]
found causality among emissions, renewable energy, and waste systems by highlighting
the systemic nature of environmental interactions. Ref. [45] discovered that trash recovery
can reduce greenhouse gas emissions, and Ref. [46] identified a unidirectional causality
among CO; emissions and municipal waste production. Ref. [43] found that CE practices
in EU-15 countries significantly affect CO, emissions. Ref. [47] examined the distinct effects
of four sources of the CE on the EF in Germany from 1990 to 2021 using ARDL and KRLS
methodologies. The results indicated that reuse techniques substantially diminish the
EF in both the short and long term. Ref. [48] determined that the incorporation of CE
techniques might diminish India’s carbon and material footprints. Ref. [49] revealed a
negative relation between the CE and carbon footprint (CF) of China by showing a lifecycle
CF decline of 20.81% from 2000 to 2016. Ref. [39] emphasized that circular strategies
contribute to environmental protection by addressing biodiversity loss, climate change,
and natural resource depletion. Ref. [42] further confirmed that higher recycling rates
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significantly reduce CO; emissions over time. Ref. [44] identified bidirectional causality
among renewable energy, and municipal waste in EU-24 countries by indicating feedback
structures between environmental pressure and energy transition mechanisms. Ref. [50]
emphasized the importance of comprehensive carbon-offset frameworks and green finance
systems in supporting carbon trading systems.

Some papers tested the relation between the CE and sustainability. Ref. [51] examined
the use of blockchain technology in resolving issues related to energy grid management,
specifically through its incorporation with renewable energy systems, CE, and SD. Ref. [52]
asserted that a CE might enhance sustainability and significantly diminish the carbon
footprint of energy storage capacity relative to traditional methods. Blockchain technol-
ogy can enhance investment in RE and carbon market platforms by decreasing market
inefficiencies [53]. Additionally, studies by [54,55] highlighted that businesses adopting
the circular business model aim not only for economic benefits but also to decrease CO,
releases and enhance environmental well-being contributing to SD. Ref. [24] explored a
method for assessing the connections between 14.0, SD goals, and the CE. Additionally,
Ref. [54], as well as Ref. [55], emphasized that companies embracing the circular business
model aspire not solely for economic gains, but also to decrease CO, releases and recover
environmental well-being by advancing sustainable development. Ref. [56] discussed the
nature of the discussion on CEs. Ref. [57] confirms persistent theoretical fragmentation
and proposes integrated conceptual frameworks to bridge CE—circularity—sustainability
gaps. Ref. [58] developed an integrated indicator-based framework to evaluate the progress
of EU-27 countries toward responsible consumption and production by combining mea-
sures of material efficiency, circularity and environmental economic activity. Their results
revealed that structural constraints remain a major barrier to achieving sustainable produc-
tion and consumption patterns by underlining the need for more comprehensive policy
interventions to accelerate resource efficiency and circular economy transitions.

Ref. [21] explored initiatives in municipal solid waste management that minimize
conflicts between the CE and climate change (CC).

Some papers investigated the connection between renewable energy, CE, and SD and
blockchain technology. A sharp increase in publications after 2016 by reflecting growing aca-
demic interest. However, methodological inconsistencies and conceptual ambiguity remain
persistent issues [59]. Ref. [60] further notes that the relationships among CE, circularity,
and sustainability are still not clearly defined. Ref. [61] show that certain CE practices may
generate environmental benefits while simultaneously increasing economic inequalities
or social injustices. Refs. [62,63] argued that recycling systems may reduce environmen-
tal burdens but create hidden social and energy costs. Ref. [64] finds that organizations
view a CE primarily as an environmental strategy, while its social and economic impacts
remain uncertain. Ref. [65] conceptualize a CE as a process-oriented mechanism contribut-
ing to sustainability through intergenerational equity, while Refs. [66,67] emphasize that
sustainability reflects system-level outcomes rather than process-level circularity.

2.4. Literature Gap

Despite the growing literature on CE, Industry 4.0, renewable energy, and sustain-
ability, several gaps remain unresolved. First, existing papers largely did not examine the
variables involving CE, I4.0, renewable energy, ecological footprint, and sustainable devel-
opment simultaneously. Second, most empirical papers rely on traditional panel methods,
which may fail to capture heterogeneous impacts across countries and structural condi-
tions. Third, although CE—sustainability linkages are widely discussed, the distributional
heterogeneity remains underexplored. In addition, the literature lacks sufficient integration
of advanced panel methodologies capable of capturing both average and distributional
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effects within a unified framework. This limitation is particularly important given the
heterogeneous structure of European economies and the asymmetric nature of sustain-
ability transitions. Therefore, there is a clear need for an econometric framework that can
simultaneously (i) capture long-run equilibrium relationships, (ii) account for distributional
heterogeneity, and (iii) identify dynamic adjustment differences across quantile.

This paper addresses these gaps by applying PBARDL and PQARDL methods com-
bined with panel Granger causality analysis to a multi-country European dataset by provid-
ing a more comprehensive and heterogeneous understanding of sustainability transitions.
To address these gaps, this paper investigated the Granger causality among Industry 4.0,
circular economy, renewable energy consumption, ecological footprint and sustainable
development using PBARDL and PQARDL methods together with panel Granger causality
analysis for 14 European countries over the period 2001-2024.

3. Research Question, Methods and Data
3.1. Research Question

Based on the identified gaps in the literature, this paper addresses the following
research questions:

RQ1: What are the long-run and short-run relationships among Industry 4.0, circular
economy, renewable energy consumption, ecological footprint and sustainable develop-
ment in 14 European countries?

RQ2: Does cointegration exist among these variables across the panel of 14 European
countries over the period 2001-2024?

RQ3: To what extent do the effects of Industry 4.0, renewable energy and circular
economy differ across quantile levels of ecological and sustainability indicators?

RQ4: What is the direction of causality among Industry 4.0, circular economy, re-
newable energy, ecological footprint, and sustainable development as captured by panel
Granger causality analysis?

RQ5: Do Industry 4.0 and circular economy mechanisms contribute to renewable
energy transition, ecological footprint and sustainability in a bidirectional or unidirectional
Granger causality manner?

These research questions are designed to provide a comprehensive empirical investiga-
tion of the relation between digital transformation, renewable energy, ecological footprint,
circular economy and sustainability results within econometric framework.

3.2. Methodology
Panel Bootstrapping ARDL model is given as
Ay = b P AY. qfl..A..(;.. 80X . 1
Yie = ¢i + i=1 Vij ylt_] + Zkzo HijBXit—j +01iYit—1 + 02iXit—1 + €it 1

Hj hypothesis is
Hy:6,=0,=0 2)

For [68], model supplementary tests suggested by [69] to conclude the existence of
any form of cointegration degenerate cases and non-cointegration states were applied. The
cointegration necessitates the rejection of Hy

Case-1: Ftest for H() : (51 = (52 =0 H] . any (51 (52 75 0,

Case-II : trest for HO : 51 =0 H1 : 51 7& 0

and
Case-lIl : Fiegt for Hp:0p =0 H;j:6, #0. 3)
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An error correcting model is given as
-1
Ayir = ¢i + le ViiAY e+ ;7:0 HiiDxi—j + 0i(Yir—1 — @ixi—1) + €t 4)
where the long-run parameters are
1_2')’zk )0 = Z,”zk/ Z%]
Yk ==Y g Yimk =1 p=Tpy==Y"1 i k=12...q—1 )
3.2.1. PQARDL Methods
The PQARDL method is
p 9 T
Qui(Tlxie) = ai(w) + Y aj(T)yie—j + Y, B (Te) Xt + €t (Th)
j=1 m=0
i=1..N;t=1...T (6)

where Q,;(Ti|x;; ) denotes the conditional T — th quantile of Y.
The parameter estimates are obtained by solving

r(rﬁurnzt N i — Qi)

where p (1) = u[t — I(u < 0)] is the standard quantile loss function.

3.2.2. Error-Correction Representation

The PQARDL model can be reparameterized into the following error-correction repre-

sentation

Quit (Tic|xir ) = i () + ¢() (Yit—l — B(t) Xit— 1) + ZI 1 @i () yir— ]+Zm o Am(T)AX L + e (1)

Z] 1 Tk —1A0(7) = (%) + o (%)
The short-run parameters are
@ (1) = —) 145 Pi(T)

and
() = —Zf:]-H 5i(t)
3.2.3. Panel Causality Test

Causality test is constructed as follows:

m n
Ay = Mj+ Y aiAyig + Y wikAXiex + Griecmip_q+e1g
s=1 k=1

m n
AXip = Agj+ ) | t2isDXies + )y W2ikAYiey + Goiecmip_1 + e

)

(®)

(10)

(11)

where ¢; is i.i.d and ¢?¢(0,00). { should be statistically significant and in the range of
—1 < ¢ < 0. GCis tested as Hy : wy = 0and Hy : wj; # 0and Hy : wyj = 0 and

H;j : wyjx # 0in Equation (11) for all 7.
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3.3. Data

The selected variables were 14.0, sustainable development, CE, ecological footprint,
RE. I4.0 is proxied by artificial intelligence-related patent applications, sustainable develop-
ment by Sustainable Development Index, and CE by recycling rate. Industry 4.0 (14.0) is
proxied by artificial intelligence (Al)-related patent applications, as this indicator provides
one of the most appropriate measures of technological innovation associated with the
Fourth Industrial Revolution. Al constitutes a core enabling technology of Industry 4.0
by underpinning advanced manufacturing systems through intelligent automation, ma-
chine learning, predictive analytics, robotics and data-driven decision-making. Compared
with broader innovation indicators, Al-related patent applications more directly capture
a country’s technological capability and innovation intensity in developing Industry 4.0
technologies. Nevertheless, this proxy primarily reflects innovation output rather than
technology diffusion and therefore does not fully capture the actual deployment of smart
manufacturing equipment, Internet of Things (IoT) infrastructure, industrial robots, or digi-
tal production systems across countries. Accordingly, while Al-related patent applications
provide a theoretically grounded and internationally comparable indicator of Industry
4.0 development, they should be interpreted as a measure of technological innovation
rather than the complete implementation of Industry 4.0. The data are discussed in Table 1
Nomenclature and Definitions.

Data was decisive in the selection of the countries because among the European
countries, countries that do not have circular economy were excluded from the analysis.
Data availability regarding circular economy practices served as a decisive criterion because
European countries lacking CE data were excluded from the analysis.

Figure 2 visualizes the available raw data for the period 2000-2022. However, the
empirical analysis is conducted using the 2001-2024 sample, as described in the Section 3.3.
The 2023 and 2024 observations are available from the original data sources and may also
be obtained from the corresponding author upon reasonable request.

Recycling rate of municipal waste
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Figure 2. Data on the circular economy (CE) and Sustainable Development Index (SDI).
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Table 1. Nomenclature and definitions.

tp
ep
sd
ce
re

Variables Definitions Sources
14.0 Artif.icia'l intelligence-related patent OECD Patents Database
applications
Ecological Footprint Ecological footprint index https:/ /data.footprintnetwork.org/
Sustainable Development  Sustainable development index SDI
Circular Economy Recycling rate of municipal waste ~ Eurostat
Renewable energy Renewable energy consumption BP

By evaluating circularity levels and SD Index trajectories simultaneously, the selected
countries were classified into two and three distinct quantiles by PQARDL method.

4. Results

The empirical analysis was conducted in five sequential stages (Figure 3).

I Data Collection and
.l Descriptive Statistics
x Cross-sectional Dependence and
Panel Unit Root Tests
I
v v

Variables are 1(0) Variables are I(1)
(Analysis Ends) (First-difference Stationary)

l

@ Panel and Country-specific Johansen Cointegration Tests
(Verification of a Unique Cointegrating Vector)

1

- Panel Bootstrap ARDL (PBARDL)
e Benchmark Estimation
e Model Specification
e Long-run and Short-run Estimates

!

! ! Panel Quantile ARDL (PQARDL)
N 4 Baseline Model (Tt = 0.25, 0.50, 0.75)

!

[ <—I—> Panel Granger Causality Test ]
Robustness and Sensitivity Analysis
u e Alternative Quantile Specifications (r = 0.49, 0.99)

e Excluding Control Variables

e Alternative A Values

e Alternative Lag Structures for
Panel Granger Causality

Figure 3. Flowchart of the modelling procedure.

Stage 1. Cross-sectional dependence and panel unit root tests were first performed
to determine the integration properties of the variables and to identify the appropriate
estimation framework.

Stage 2. Prior to model estimation, both the panel Johansen cointegration test and
country-specific Johansen cointegration tests were conducted. Although the panel Johansen
test is sufficient to establish cointegration at the panel level, the country-specific tests
were additionally employed to verify the existence of a unique cointegrating vector for
each country. This step is essential because the ARDL framework assumes a unique
cointegrating vector.

https:/ /doi.org/10.3390/en19163719
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Stage 3. The PBARDL model was first estimated to determine the appropriate
dependent-variable specification and to provide benchmark long-run and short-run es-
timates. Based on this specification, the PQARDL model was estimated as the principal
empirical model using three conditional quantiles (t = 0.25, 0.50, and 0.75). The esti-
mated long-run elasticities, short-run coefficients and error-correction terms obtained
from the three-quantile PQARDL specifications were systematically compared with the
PBARDL estimates.

Stage 4. A series of robustness analyses was then performed. First, an alternative
two-quantile specification (T = 0.49 and 0.99) was estimated and compared with the baseline
three-quantile model to examine whether a more parsimonious specification yields materi-
ally different empirical results. Second, three-quantile POQARDL models were re-estimated
after excluding the control variables in order to evaluate the sensitivity of the estimated
coefficients to model specification. Third, quantile specifications were re-estimated un-
der alternative values to assess the robustness of the long-run and short-run parameter
estimates with respect to the model’s tuning parameter. And lastly, as a final robustness
exercise, the panel Granger causality analysis will be re-estimated under alternative lag
specifications to assess the sensitivity of the identified Granger causality to lag selection.

Stage 5. Finally, the panel Granger causality test was employed to identify the direction
of Granger causality among the variables.

Figure 3 illustrates the overall methodological framework and the sequence of the
empirical analysis.

Table 2 displayed the descriptive statistics about the variables. The EP variable shows
positive skewness. The statistics indicate that 14.0, RE, and SD are subject to negative
skewness, though it is close to the ideal value, zero, under normal distributions, while
its kurtosis statistic is close to the ideal value of 3. Normality is also confirmed for the
other variables.

Table 2. Descriptive statistics.

i4.0 sd ep ce re
Kurtosis 2.778 2.831 3.115 3.158 2.814
Skewness —0.650 —0.390 0.277 —0.692 —0.390
JB 3.956 3.987 4.243 4104 3.985

Table 3 displays the results of the CSD tests, which employ four distinct tests to assess
the null hypothesis that there is no CSD. The results demonstrate that statistical results
favour CSD for all parameters evaluated at the 1% significance level, and the Hy of no
CSD cannot be accepted at conventional significance levels. To explore cross-sectional
dependence, bias-corrected ScaledLM, ScaledLM, Pesaran and Breusch-PaganLM tests
were used.

Table 3 shows the results from unit root tests. The results were investigated by selecting
the first- and second-generation tests. The Pesaran cross-sectional dependence robust—
CSD-ADF (CDADF) test, Levin, Lin & Chu (LLC) and Im, Pesaran & Shin (IPS) were
selected. The test results show that when first-differenced, the variables became stationary.
All tests—both the CSD augmented variation and the non-CSD variant—thus concluded
that all variables are first-difference stationary after first-differencing.

In Table 4, Johansen cointegration tests were performed for each country before testing
with PQARDL and PBARDL method. The aim is to investigate the cointegration for
individual countries before applying the panel cointegration test. The ARDL test assumes
the existence of a single cointegrated vector. The PBARDL test confirms this, but it was
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intended to confirm this for individual countries by Johansen cointegration test and for
panels by panel cointegration test.

Table 3. CSD and unit root tests.

i4.0

sd ep ce re
LM test 944514 524.164 601.168 730.367 1380.490
Scaled LM test 69.377 35.722 41.887 52.231 104.283
Scaled LM 69.081 35.426 41.591 51.936 103.988
Pesaran 15.569 17.254 16.488 17.726 34.329
Unit Root Tests
CSD-ADF —1.980 —1.680 —1.750 —1.880 —1.930
LLC —1.760 —1.520 —1.180 —1.150 —1.980
IPS —1.909 1.068 —1.950 —1.280 —2.011
First Difference Decision
CSD-ADF —4.260 —7.220 —9.210 —8.930 —7.680
LLC —5.480 —6.130 —7.810 —8.720 —6.260 I(1)
IPS —6.510 —7.580 —8.490 —8.756 —8.790
Table 4. The results of the cointegration test.
0.05 CV Austria Belgium Denmark Finland France Luxembourg Italy Results
None 69.819 71.079 69.981 70.397 70.392 69.994 77.859 70.054
At most 1 47.856 47.829 45.755 37.864 38.547 44.673 42.646 37.796
At most 2 29.797 23.258 23.631 19.190 20.066 22.189 17.526 17.764
At most 3 15.495 8.551 8.065 7.344 8.036 10.401 6.986 6.680 . .
At most 4 3.842 2.1989 2.631 3.108 3.960 1.828 2.251 1.103 Cointegration
(Trace test indicates 1
0.05CV  Germany Netherlands Norway Sweden Spain Portugal Switzerland cointegrating equation)
None 69.819 70.017 71.681 69.916 71.260 70.644 69.954 70.719 for 14 countries
At most 1 47.856 46.320 45.949 45.540 40.850 31.280 45.448 46.702
At most 2 29.797 12.949 17.809 25.565 22.078 15.370 15.356 23.361
At most 3 15.495 5.311 6.581 10.538 9.985 6.759 6.640 12.880
At most 4 3.842 1.251 0.030 2.177 2.396 2.335 1.567 3.346
Panel Cointegration Test
AtN n(:(r)\; 1 Zggﬁ; Panel Coir.ltegration
At most 2 21914 (Trace test indicates 1
At most 3 9875 cointegrating equation(s)
Atmost 4 1.975 at the 0.05 level)
In Table 5 the results for model selection by PBARDL are presented.
Table 5. The results of the PBARDL and PQARDL tests *.
Dependent
Variable/Independent F Findep t Status
Variable
(ep/i4.0, ce, sd, re) 2.710 1.800 —3.190 Degenerate 1
JB:2.300
(sd/ep, ce, 4.0, re) 18.200 17.190 —8.220 Cointegration RR:0.260
ARCH:0.990
(i4.0/ep, ce, sd, re) 3.180 6.420 —2.920 No-Cointegration
(ce/ep, i4.0, sd, re) 2.420 2.110 —2.630 No-Cointegration
(re/ep, ce, sd, i4.0) 3.550 2.990 —2.190 No-Cointegration

* Only F, Findep and t values were exhibited.

https://doi.org/10.3390/en19163719


https://doi.org/10.3390/en19163719

Energies 2026, 19, 3719

14 of 29

Evidence of cointegration was found among the selected data when the dependent
variable is accepted as sustainable development. When ep was accepted as a dependent
variable, the evidence of degeneratel were found, and no-cointegration state was found for
the models with renewable energy, industry 4.0 and CE variables as dependent variables.

4.1. Long-Run Coefficients

Long-run coefficients of the PBARDL and PQARDL methods are presented in Table 6.
The long-run coefficients yielded interesting results. For the RE, the coefficients of the
PQARDL models are close to each other. The negative long-run coefficient of renewable
energy suggests that the expansion of renewable energy alone is insufficient to improve
sustainable development. Without complementary investments in energy infrastructure,
storage capacity, technological innovation, and institutional quality, the economic costs
associated with the energy transition may outweigh its long-term sustainability benefits. For
the ecological footprint coefficient, there is a completely different situation for both models.
The positive coefficient of ecological footprint should not be interpreted as evidence that
environmental degradation promotes sustainability. Rather, it indicates that the sampled
economies continue to achieve improvements in the economic and social dimensions
of sustainable development through resource-intensive growth patterns. Consequently,
higher sustainable development scores are still accompanied by greater ecological pressure,
highlighting the persistence of an unsustainable development pathway.

Table 6. Long- and short-run coefficients from PBARDL and PQARDL and ECMs.

Dependent Variables: sd

PBARDL PQARDL
0.25th 0.50th 0.75th
Ire 0.152 —0.124 —0.161 —0.214
(1.710 ***) (1.820 ***) (1.880 ***) (2.380 %)
Ice —0.619 —0.335 —0.394 —0.300
(2.050 **) (2.050 **) (3.510 %) (2.820 %)
lep —0.958 0.074 0.207 0.189
(1.750 ***) (1.970 ***) (2.880 %) (1.920 ***)
1i4.0 0.271 0.184 0.213 0.442
(3.150 %) (3.424 %) (3.430 %) (1.890 ***)
Short-run coefficients
Are 0.250 0.054 0.060 0.059
(1.960 ***) (1.880 ***) (2.930 %) (3.250 %)
Aep 0.467 0.385 0.419 0.472
(1.980 ***) (2.080 **) (1.960 ***) (3.030 %)
Ace —0.036 0.147 0.179 0.168
(1.860 ***) (1.920 ***) (1.830 ***) (1.840 ***)
Ai4.0 -0.170 —0.250 —0.201 —-0.176
(1.060) (1.150) (1.880 ***) (1.202 ***)
ecm —0.170 —0.290 —0.320 —0.340
(1.970 ***) (2.450 **) (1.930 ***) (2.290 **)
ECM from
Traditional test —0.141
R? 0.770 0.790 0.750 0.760
AIC 2.100 2.500 3.120 2.980
ARCH 0.170 0.130 0.170 0.191

*, %% %% show 1%, 5% and 10%.
In Table 6, the short-run coefficients are provided. The renewable energy variable

presented an interesting situation. The coefficient signs were positive for PQARDL models,
and the elasticities were less than 1. The short-run coefficients for the CE variable are
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positive in PQARDL models, but with elasticities smaller than 1 and an elasticity coeffi-
cient showing an inelastic state. The coefficient of the ecological footprint variable was
determined as positive. The increase in the ecological footprint has a positive sign on
sustainable development. In other words, when it increases, it has negative effects on the
Sustainable Development Index. The coefficients determined by both models are close to
each other. Error correction mechanisms (ECMs) were found by the PQARDL method as
—0.290, —0.320 and —0.340, while the PBARDL method found the results to be —0.170. The
ECM from the traditional method was found to be —0.141.

4.2. The Causality Results

Since the robustness check’s results do not deviate much from the results of the original
model in terms of the direction of the coefficients and signs, all variables are included in
the Granger causality analysis. Table 7 displays the results of the Granger causality.

In Table 7 the Granger causality results indicate the following:

1. Unidirectional causality from CE, EP, I4.0, to sustainable development.
Unidirectional causality from I4.0 to the ecological footprint and circular economy
Additionally, the evidence of bidirectional causality was found between:

CE and ecological footprint

Ecological footprint and renewable energy

SD and renewable energy
CE and renewable energy

SO IR S

14.0 and renewable energy

Figure 4 shows the Granger causality results.

Granger Causality

Circular

& &5

| Renewable

Industry 4.0 P
Jaof "yt |+ | g

_;} Sustainable
<> l Development
(sb)

'; Ecological
& Footprint
’ (EP)

~«—>» Bidirectional causality —» Unidirectional causality

Figure 4. Causality results.

Table 7. Causality results.

. L. Decision . L. Decision
F-Statistic ... Causality F-Statistic ... Causality
RE — SD 25.809 di . 1 14.0 -+ RE 17.217 i . 1
SD — RE 2522 Bidirectiona RE — 14.0 11.049 Bidirectiona
EP — SD 2.208 Unidirectional CE — EP 2.433 Bidi " |
SD — EP 0.009 from EP to SD EP — CE 3.003 idirectiona
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Table 7. Cont.
. .. Decision . .. Decision

F-Statistic ... Causality F-Statistic ... Causality
CE — SD 6.175 Unidirectional 14.0— EP 9.501 Unidirectional
SD — CE 1.089 from CE to SD EP — 14.0 0.027 from 14.0 to EP
14.0 —» SD 6.439 Unidirectional 14.0 — CE 3.000 Unidirectional
SD — 14.0 0.276 from 14.0 to SD CE—14.0 1.001 from 14.0 to CE
EP — RE 2.244 Bidi ional CE — RE 2.313 Bidi ional
RE — EP 2568 idirectiona RE — CE 5.007 idirectiona

4.3. Robustness Check

We realized the robustness check under four stages.
i.  Comparison the results of two-quantile and three PQARDL methods

The PQARDL model was re-estimated using two quantiles. The estimated coefficients
obtained from the two-quantile model were therefore systematically compared with those
from the original three-quantile model.

Regarding the potential sensitivity of the PQARDL estimates to the choice of quantiles,
the model was re-estimated using two quantiles (0.49, and 0.99) in addition to the original
specification. Two-quantile PQARDL model was intentionally designed to distinguish
between conditions close to the median and the upper extreme by providing insights
into both typical and high-end quantiles. In contrast, the three-quantile specification
offers a more balanced representation of low-, medium-, and high quantiles across the
distribution. The consistency of the estimated coefficients indicate that the findings are not
sensitive to the choice of quantile structure. While the three-quantile model captures more
granular quantile, the two-quantile specification provides a parsimonious framework that
emphasizes the contrast between representative and extreme conditions without altering
the substantive conclusions.

Consequently, the substantive conclusions regarding the effects of Industry 4.0, re-
newable energy, circular economy and technological progress on sustainable development
remain robust to the alternative quantile partitioning. The PQARDL results were obtained
using the two-quantile PQARDL method and the results are presented in Table 8.

Consequently, increasing the number of quantiles provides a finer representation of dis-
tributional heterogeneity. The similarity of the empirical results obtained from three-quantile
specifications therefore supports the adequacy of the more parsimonious specification.

ii. PQARDL Results without Control Variables

At the second stage, the control variable included in the model is excluded in Table 9.
The control variables are the EP and 14.0. The model was solved again by excluding the
control variable.

When the control variable was removed from the model, the coefficient values still
ranged between 0 and 1, and the elasticities remained less than 1. This suggests that
while the control variable impacts the results, the model’s general conclusions hold even
when the control variable is excluded. The robustness of these results implies that the core
relationships between the main variables are not highly dependent on the presence of the
control variable. However, the increased rate of the coefficient values for some variables
may reflect an increase in the explanatory power of the model, as some important dynamics
captured by the control variables are lost.
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Table 8. PQARDL results from two-quantile PQARDL method.

Dependent Variables: sd

PQARDL
0.49th 0.99th
Ire —0.155 —0.250
(1.816 ***) (3.670 %)
Ice —0.423 —0.330
(4.258 *) (1.788 ***)
lep 0.139 0.065
(2.570 **) (1.876 ***)
1i4.0 0.195 —0.506
(7.366 *) (9.858 *)
Short-run coefficients
Are 0.048 0.046
(3.140 %) (4.410%)
Aep 0.488 0.527
(1.520) (2.630 **)
Ace 0.189 0.155
(1.760 ***) (1.790 *)
Ai4.0 —0.191 —0.103
(1.810 ***) (0.900)
ecm —0.330 —0.370
(1.790 ***) (2.110 **)
R? 0.710 0.730
AIC —3.500 —2.900
ARCH 0.150 0.201
* #* #% show 1%, 5% and 10%.
Table 9. The PQARDL model without control variables.
PQARDL Results
Variables 0.25th 0.50th 0.75th
A 0.295 0.313 0.2804
ce (2.240) (2.090) (1.980)
A —-0.197 —0.206 —0.235
re (2.250) (1.930) (2.080)
ocm —0.290 —0.320 —0.350
(2.330) (2.440) (2.820)
R? 0.740 0.760 0.760
AIC 2.320 2.160 —2.150
ARCH 0.174 0.212 0.101

iii. Test for Alternative Values of A

Subsequently, a robustness check was conducted to test if the outcomes remained
consistent for A values of 0.5 and 1.5 by representing alternative model specifications. The
results are presented in Table 10. The results from the robustness check indicated that the
elasticity values ranged between 0 and 1, consistent with the results of the main model. This
confirms that the relationships between the variables hold across a range of assumptions
by ensuring that the results are not overly sensitive to specific model choices.
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Table 10. Results for alternative values of A.
0.25th 0.50th 0.75th 0.25th 0.50th 0.75th
(A =0.5) Ae 0.083 0.147 0.246 A=15) 0.196 0.168 0.205
o P (2.690) (2.980) (1.780) (2.280) (1.910) (1.830)
A 0.509 0.664 0.319 0.345 0.147 0.271
« (3.500) (3.380) (2.630) (2.020) (2.460) (1.930)
Aid.0 —0.473 —0.242 —0.364 —0.305 —0.314 —0.228
1 (2.670) (4.130) (3.080) (2.440) (2.780) (2.050)
A 0.034 0.143 0.284 0.169 0.146 0.472
re (1.860) (8.560) (1.920) (2.630) (6.470) (2.103)
ecm —0.290 —0.330 —0.274 —0.260 —0.350 —0.308
(1.930) (2.250) (2.010) (1.990) (2.340) (2.160)
R? 0.740 0.730 0.750 0.690 0.710 0.720
AIC —2.140 —2.200 —3.080 —3.780 —3.450 —2.960
ARCH 0.160 0.170 0.190 0.220 0.240 0.210
The outcomes align reasonably well with those obtained from the Panel Quantile regression with A = 1.
iv.  Test for Reverse Causality
As a final robustness exercise, the panel Granger causality analysis was re-estimated
under alternative lag specifications to assess the sensitivity of the identified Granger
causality to lag selection. Given the time dimension of the sample and the number of
cross-sectional units, the maximum admissible lag length was restricted to two in order to
preserve estimation efficiency and avoid over-parameterization. Although higher-order
lag structures could not be considered because of sample-size constraints, the alternative
lag specifications produced remarkably consistent results. Most importantly, the direction
of Granger causality remained unchanged across all admissible lag structures. This con-
sistency indicates that the causal relationships identified in the study are not driven by a
particular lag specification but instead reflect stable and persistent dynamic interactions
among Industry 4.0, the circular economy, renewable energy, ecological footprint, and
sustainable development. Consequently, the robustness analysis substantially strengthens
confidence in the validity and reliability of the causal inferences reported in this paper.
Causality results obtained with different lag (2) values are shown in Table 11.
Table 11. Causality results with different lag(2).
- Decision - Decision
F-Statistic ... Causality F-Statistic ... Causality
RE — SD 3.412 Bidirectional 14.0 -+ RE 4.273 Bidirectional
SD — RE 2.855 idirectiona RE — 14.0 2.254 idirectiona
EP — SD 2.661 Unidirectional CE — EP 3.691 Bidi A 1
SD — EP 0.126 from EP to SD EP — CE 2144 idirectiona
CE — SD 3.279 Unidirectional 14.0— EP 4415 Unidirectional
SD — CE 1.148 from CE to SD EP — 14.0 0.366 from 14.0 to EP
14.0 — SD 2,628 Unidirectional 14.0 — CE 3.429 Unidirectional
SD — 14.0 1.459 from 14.0 to SD CE—14.0 0.111 from 14.0 to CE
EP — RE 2.758 Bidirectional CE — RE 2.856 Bidirectional
RE — EP 2.977 idirectiona RE — CE 4339 idirectiona
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5. Discussion

The empirical results provide strong evidence that Industry 4.0, renewable energy, the
circular economy, ecological footprint, and sustainable development are linked through
a long-run equilibrium relationship in 14 European economies. The statistically signifi-
cant error-correction coefficients indicated that short-run deviations gradually converge
toward their long-run equilibrium by implying that sustainability transitions are gov-
erned by persistent structural adjustments rather than temporary policy interventions.
These results suggest that technological progress, renewable energy and circular economy
practices should not be evaluated independently because they jointly determine long-run
sustainability performance.

An additional strength of the empirical framework concerns model specification. Since
sustainable development is represented by the Sustainable Development Index and envi-
ronmental pressure is measured by the ecological footprint, the model already incorporates
broad economic, social, and environmental dimensions of sustainability. Consequently, the
likelihood of substantial omitted-variable bias is reduced because these composite indica-
tors capture information that would otherwise require numerous additional explanatory
variables. Introducing further macroeconomic controls, such as GDP growth or energy
intensity, could instead create multicollinearity and reduce estimation efficiency due to the
close conceptual overlap between these variables and the selected sustainability indicators.

An important contribution of this paper lies in demonstrating that standard panel
methods are insufficient to describe these relationships. While the PBARDL model provides
benchmark long-run and short-run estimates under the assumption of homogeneous mean
effects, the PQARDL method reveals that the magnitude of these relationships varies
across different parts of the conditional distribution. This distributional heterogeneity
indicates that European economies do not respond uniformly to technological innovation,
renewable energy expansion, or circular economy practices. Instead, countries at different
stages of sustainable development exhibit distinct adjustment mechanisms by suggesting
that heterogeneous institutional structures, technological capabilities and environmental
policies shape the sustainability transition process.

The comparison between the baseline three-quantile specification and the alterna-
tive two-quantile specification provides an additional methodological insight. The three-
quantile model offers a more detailed representation of heterogeneous adjustment dynamics
by separately identifying lower-, middle-, and upper-distribution responses. Nevertheless,
the estimated coefficient signs, long-run elasticities, error-correction terms, and overall
economic interpretations remain highly consistent across both specifications. Similarly, re-
estimating the PQARDL model after excluding the control variables and under alternative
values of A produces only negligible changes in the estimated parameters. The convergence
of these results across successive robustness exercises indicates that the principal empirical
conclusions are not driven by model quantile selection, control-variable specification, or
parameterization. Rather, they reflect relationships among Industry 4.0, renewable energy,
the circular economy, ecological footprint, and sustainable development.

In the frame of PQARDL model, the positive long-run coefficient of ecological footprint
suggests that improvements in sustainable development are still accompanied by greater
ecological resource use. This result should not be interpreted as ecological degradation en-
hancing sustainability. Instead, it indicates that the sampled European economies continue
to rely on resource-intensive production and consumption patterns while improving their
social and economic development indicators. Therefore, long-term sustainable develop-
ment has not yet been fully decoupled from environmental pressure by implying that the
transition toward genuinely sustainable growth remains incomplete. And the negative long-
run coefficient of renewable energy indicates that expanding renewable energy capacity
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alone is insufficient to enhance sustainable development. Without parallel improvements
in energy storage, grid infrastructure, technological innovation, and institutional efficiency,
the long-term costs of the energy transition may outweigh its expected sustainability bene-
fits. This result suggests that renewable energy deployment should be supported by broader
structural reforms rather than being considered a standalone solution for sustainable de-
velopment. Taken together, the long-run results reveal a sustainability paradox. Although
European economies continue to improve their sustainable development performance, this
progress remains positively associated with ecological pressure, while renewable energy
expansion alone does not generate the expected long-term sustainability gains. These
results imply that current sustainability strategies are insufficient to decouple economic
and social development from environmental degradation. Achieving genuine sustain-
able development therefore requires integrating renewable energy policies with circular
economy practices, technological innovation, and resource-efficiency measures.

The panel Granger causality analysis complements these long-run results by revealing
the Granger causality among the variables. Furthermore, to address potential reverse-
causality concerns, the panel Granger causality analysis was re-estimated under alternative
lag structures. The direction of causality remained unchanged across different lag specifi-
cations, confirming that the reported causal relationships are robust and not driven by a
particular lag selection. The results indicate unidirectional causality running from Industry
4.0, the circular economy, and ecological footprint toward sustainable development by
suggesting that these variables operate as important drivers of long-run sustainability
performance. More importantly, bidirectional Granger causality is identified between
renewable energy and sustainable development, renewable energy and ecological foot-
print, renewable energy and the circular economy, and renewable energy and Industry 4.0.
Rather than functioning as an isolated component of the energy system, renewable energy
emerges as the central feedback mechanism linking technological innovation, environmen-
tal quality, circular production systems and sustainable development. Furthermore, the
distinction between short-run and long-run coefficients provides additional insights into
these interactions. In the short run, policy interventions, investment decisions, and market
conditions may generate temporary fluctuations in renewable energy deployment and
sustainable development outcomes. However, the ECM coefficients demonstrate that these
temporary disequilibria gradually converge toward the long-run equilibrium. Therefore,
the bidirectional relationship between renewable energy and sustainable development
should not be interpreted merely as a sequence of short-term policy responses but rather as
a cumulative process of structural adjustment through which renewable energy promotes
sustainable development while improvements in sustainable development simultaneously
create institutional and economic conditions that accelerate renewable energy investment.

These results are broadly consistent with previous studies emphasizing the com-
plementarity between digital transformation, renewable energy and circular economy
practices. In particular, the bidirectional causality between Industry 4.0 and renewable
energy supports the arguments of [24], who highlighted the role of Industry 4.0 technolo-
gies in improving energy efficiency, smart energy management and resource optimization
through digital transformation. Likewise, Ref. [51] demonstrated that blockchain tech-
nologies facilitate the integration of renewable energy systems within circular economy
frameworks. The present paper extends this literature by providing empirical evidence that
the relationship is not unidirectional. Renewable energy deployment stimulates further
technological adoption, while digital transformation simultaneously accelerates renewable
energy integration by creating a mutually reinforcing process. Similarly, the bidirectional
causality identified between renewable energy and the circular economy complements
the results of [52,54,55], who argued that circular production systems improve energy
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efficiency and reduce environmental pressure, whereas renewable energy enhances the
environmental performance of circular production processes.

The heterogeneous coefficients obtained from the PQARDL estimations, together with
the panel Granger causality results, provide important insights into the environmental
consequences of digital transformation and the complexity of sustainability transitions. The
results suggest that the effects of Industry 4.0 cannot be regarded as uniformly beneficial
or detrimental. Rather, they reflect the coexistence of technological efficiency gains and
rebound effects, implying that digital transformation generates both opportunities and
challenges for sustainable development.

On the one hand, Industry 4.0 technologies—including artificial intelligence, the
Internet of Things, big data analytics, cloud-based production systems, and smart
manufacturing—enhance production efficiency by improving resource allocation, reducing
material waste, optimizing energy management, and facilitating the implementation of
circular economy practices. These mechanisms contribute to sustainable development by
increasing productivity while lowering resource intensity and environmental inefficien-
cies. On the other hand, the widespread diffusion of digital technologies simultaneously
creates new environmental pressures. The rapid expansion of artificial intelligence, cloud
computing, data centres, digital infrastructure, and advanced manufacturing substantially
increases electricity demand and requires considerable quantities of critical raw materials.
Consequently, part of the environmental gains generated through technological progress
may be offset by higher energy consumption, intensive resource extraction, and increasing
electronic waste, thereby generating rebound effects that limit the overall sustainability
benefits of digitalization.

These dual mechanisms provide a plausible explanation for the heterogeneous long-
run elasticities identified by the PQARDL estimator. In economies located within the
lower quantile, the productivity-enhancing and resource-saving effects of Industry 4.0
dominate because digital technologies primarily improve production efficiency, environ-
mental monitoring, and resource utilization. In contrast, countries belonging to a higher
quantile have already achieved relatively advanced levels of digitalization, where addi-
tional digital expansion is increasingly accompanied by greater electricity demand, larger
digital infrastructures, and higher material requirements. As a result, the marginal sus-
tainability gains from further digitalization become smaller, while rebound effects become
more pronounced.

The estimated coefficients of renewable energy and ecological footprint further rein-
force this interpretation. The negative long-run effect of renewable energy indicates that
expanding renewable energy capacity alone is insufficient to ensure sustained improve-
ments in sustainable development. The benefits of renewable energy deployment depend
critically on complementary investments in electricity grids, energy storage technologies,
institutional quality, and the efficient integration of digital production systems. In contrast,
the positive long-run coefficient of the ecological footprint suggests that improvements in
sustainable development continue to be associated with resource-intensive production and
consumption patterns. Rather than implying that environmental degradation promotes
sustainability, this result indicates that the sampled economies have not yet fully decoupled
economic and social progress from ecological pressure. Sustainable development therefore
remains partially dependent on the continued exploitation of natural resources, revealing
that the transition towards environmentally sustainable growth is still incomplete.

Overall, these results reveal that Industry 4.0, renewable energy, and circular economy
policies should not be evaluated independently. The effectiveness of digital transformation
ultimately depends on its interaction with clean energy systems, resource-efficient produc-
tion, and circular economy strategies. The heterogeneous long-run elasticities identified
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by the PQARDL model demonstrate that sustainability transitions differ substantially
across quantiles and cannot be adequately captured by estimators reporting only average
effects. Consequently, modelling the entire conditional distribution provides a richer un-
derstanding of sustainability dynamics and offers more informative policy implications
than conventional panel estimators based solely on mean relationships.

From a policy perspective, these results suggest that sustainability dynamics in Europe
are not uniform but vary systematically across quantiles. For higher-performing economies,
policy priorities should focus on deepening advanced Industry 4.0 integration by accelerat-
ing smart energy systems and optimizing circular production networks. For first quantile
economies, policy should target industrial restructuring and faster diffusion of digital sus-
tainability technologies. For structurally constrained economies, emphasis should be placed
on renewable infrastructure expansion, institutional strengthening and accelerating digital
transformation. Higher quantile dynamics are more consistent with Nordic economies
characterized by advanced technological capacity, strong institutions, and high renewable
energy penetration. Lower quantile dynamics correspond to Southern European economies
with structural constraints and slower technological diffusion. This interpretation implies
that policy design must account for structural heterogeneity rather than applying uniform
strategies. While Nordic-type economies benefit from innovation-driven and digitally inte-
grated sustainability policies, Southern-type economies require foundational investments
in renewable energy infrastructure and institutional capacity building.

Overall, the results suggest that integrated policy frameworks combining Industry 4.0,
circular economy strategies and renewable energy expansion are essential for achieving
sustainable development objectives. The PQARDL approach not only enhances econo-
metric robustness but also provides a meaningful framework for interpreting structural
heterogeneity and designing differentiated policy strategies in European economies.

6. Conclusions

This paper examined the cointegration and Granger causality among Industry 4.0, the
circular economy, renewable energy, ecological footprint, and sustainable development
across fourteen European countries over the period 2001-2024 by jointly employing the
Panel Bootstrap ARDL (PBARDL), the Panel Quantile ARDL (PQARDL) and panel Granger
causality approaches. The paper extends the existing sustainability literature by integrating
digital transformation, circular economy, renewable energy and environmental quality
within empirical framework. One of the principal methodological contributions of this
paper is the sequential estimation strategy adopted throughout the empirical analysis.
Prior to model estimation, both the panel Johansen cointegration test and country-specific
Johansen cointegration tests were performed. Although the panel Johansen procedure is
sufficient to establish the existence of cointegration at the panel level, the country-specific
Johansen tests were additionally employed to verify the existence of a unique cointegrating
vector for each country by satisfying one of the fundamental assumptions of the ARDL
method. Building upon this robust cointegration framework, the PBARDL model was first
estimated to determine the appropriate dependent-variable specification and to provide
benchmark long-run and short-run estimates. The PBARDL results establish the average
long-run equilibrium relationships among the variables and provide a useful benchmark
against which the distribution-specific estimates obtained from the PQARDL model can be
evaluated. The combined application of PBARDL and PQARDL therefore represents an
important contribution of this paper because the former identifies the average equilibrium
relationship, whereas the latter reveals how this equilibrium changes across different
parts of the conditional distribution. Consequently, the empirical framework provides
substantially richer information than approaches relying exclusively on average panel
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estimates. A second contribution of the paper is the comprehensive robustness strategy
implemented for the PQARDL estimations. The baseline specification was first estimated
using three quantiles (T = 0.25, T = 0.50, and T = 0.75) by allowing the long-run and short-run
coefficients and error-correction terms to be evaluated across the lower, middle, and upper
quantiles. Subsequently, an alternative and more parsimonious two-quantile specification
(T=0.49 and T = 0.99) was estimated to examine whether the principal empirical results
remained sensitive to alternative quantile structures. Additional robustness analyses
were then conducted by re-estimating the three-quantile specification after excluding the
control variables and by employing alternative values of the model tuning parameter (A).
The close consistency observed across all specifications demonstrates that the estimated
coefficients are remarkably stable and confirms that the empirical conclusions are not
driven by a particular quantile specification or model configuration. The robustness
analyses therefore strengthen confidence in the reliability of the estimated long-run and
short-run relationships.

The comparison between the baseline three-quantile model and the alternative two-
quantile specification provides additional methodological insights. The three-quantile
model offers a comprehensive description of heterogeneous sustainability dynamics by
distinguishing between the lower, middle, and upper quantiles. In contrast, the two-
quantile specification compares observations located close to the median of the conditional
distribution (0.49) with those located at its extreme upper tail (0.99). The latter comparison
is particularly informative because it evaluates whether sustainability dynamics differ
between representative observations and those exhibiting the highest levels of sustainable
development. Despite these different quantile structures, both specifications generate
highly consistent empirical evidence. Accordingly, the principal results of the paper remain
unchanged irrespective of whether the conditional distribution is represented by three
quantiles or by the more parsimonious two-quantile specification.

The robustness of the empirical results is further strengthened by the model specifi-
cation itself. The use of the Sustainable Development Index and the ecological footprint
substantially reduces the likelihood of omitted-variable bias because these indicators jointly
capture broad dimensions of economic, social, and environmental sustainability. Conse-
quently, the inclusion of additional macroeconomic variables, such as economic growth,
would not necessarily improve model performance and could instead introduce multi-
collinearity and unnecessary model complexity. Moreover, potential reverse-causality
concerns were evaluated by repeating the panel Granger causality analysis under alterna-
tive lag structures. The consistency of the causal directions across different lag specifications
provides additional evidence supporting the robustness of the reported causal relationships.

An important implication of these results is that the heterogeneous relationships
identified by the PQARDL model should be interpreted as distributional heterogeneity
rather than as evidence of fundamentally different economic structures. Although statisti-
cally significant differences emerge across quantiles, the estimated long-run and short-run
elasticities remain broadly comparable. This result is theoretically consistent with the char-
acteristics of the European sample. The countries included in this paper share relatively
similar institutional quality, environmental regulations, climate policies, technological
capabilities and levels of economic development. Consequently, substantial differences
in coefficient magnitudes were neither theoretically expected nor empirically necessary.
Instead, the relatively modest differences observed across quantiles indicate that countries
operating under broadly comparable institutional environments may nevertheless exhibit
different adjustment speeds and heterogeneous responses to technological progress, renew-
able energy deployment, circular economy implementation, and environmental pressures.
Therefore, the contribution of the PQARDL framework lies not in identifying dramatic
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coefficient differences but in revealing subtle yet economically meaningful heterogeneity
that remains concealed behind conventional mean-based estimators.

The empirical results further demonstrate that the sustainability implications of In-
dustry 4.0 cannot be interpreted as uniformly beneficial or uniformly detrimental. Digital
technologies improve production efficiency, optimize resource allocation, facilitate circular
production systems, reduce material waste, and support more efficient environmental
management. At the same time, the rapid expansion of digital infrastructure, artificial
intelligence, cloud computing, and advanced manufacturing technologies increases elec-
tricity demand, critical mineral extraction, electronic equipment production, and overall
resource consumption. Consequently, the environmental benefits generated by technologi-
cal efficiency are partially offset by rebound effects associated with higher energy use and
material demand. The quantile estimates indicate that the relative importance of these
two mechanisms varies across the conditional distribution by explaining why the long-run
elasticities differ despite the relatively homogeneous institutional characteristics of the
European economies included in the sample.

The estimated long-run coefficients of renewable energy and ecological footprint pro-
vide further insights into 14 European countries’ sustainability transition. The negative
long-run coefficient of renewable energy should not be interpreted as evidence that renew-
able energy hinders sustainable development. Rather, it indicates that expanding renewable
energy capacity alone is insufficient to ensure continuous improvements in sustainable
development unless renewable energy deployment is accompanied by complementary in-
vestments in electricity storage, smart grids, digital infrastructure, technological innovation,
and institutional capacity. Similarly, the long-run relationship between ecological footprint
and sustainable development should not be interpreted as environmental degradation
promoting sustainability. Instead, it reflects the fact that many European economies con-
tinue to achieve improvements in income, welfare and technological development while
remaining partially dependent on resource-intensive production and consumption patterns.
These results therefore suggest that the decoupling of socio-economic development from
environmental pressure has not yet been fully achieved.

And, the results reinforce the existence of a highly interconnected sustainability—
technology nexus. Granger causality indicated that Industry 4.0, circular economy prac-
tices, renewable energy, ecological footprint and sustainable development interact through
dynamic feedback mechanisms rather than through isolated relationships. These results
confirm that sustainable development should be viewed as the outcome of a multidimen-
sional transition in which technological progress, resource efficiency, clean energy deploy-
ment and environmental performance evolve simultaneously. Consequently, analysing
these variables within a unified empirical framework provides a more comprehensive
understanding of sustainability dynamics than examining each component independently.

6.1. Policy Implications

An important implication of the quantile analysis is that policy differentiation should
be interpreted in terms of policy priorities rather than fundamentally different policy objec-
tives. The relatively modest differences observed across quantiles indicate that European
countries share common sustainability goals by including digital transformation, renew-
able energy expansion, circular economy implementation and environmental protection.
This result is consistent with the relatively similar institutional structures, environmental
regulations, climate commitments and sustainable development levels characterizing the
European sample. Accordingly, the empirical evidence does not support the need for
completely different sustainability strategies across countries. Instead, it suggests that

https://doi.org/10.3390/en19163719


https://doi.org/10.3390/en19163719

Energies 2026, 19, 3719

25 of 29

differences arise primarily in the sequencing, intensity and policy emphasis required to
achieve these common objectives.

The comparison between the baseline three-quantile specification and the alternative
two-quantile model further strengthens this interpretation. The three-quantile model distin-
guishes heterogeneous responses across the lower, middle, and upper quantiles, whereas
the two-quantile specification contrasts observations located close to the median (T = 0.49)
with those positioned at the upper extreme (T = 0.99). Despite these different specifications,
the estimated elasticities remain broadly comparable by confirming that sustainability
transitions across European economies follow similar long-run directions while differ-
ing in adjustment intensity. Consequently, policy recommendations should emphasize
differentiated implementation rather than fundamentally different policy frameworks.

For countries represented by the lower and middle quantiles, policy efforts should pri-
marily concentrate on accelerating the structural foundations of the sustainability transition.
Expanding renewable energy capacity, improving electricity infrastructure, strengthen-
ing institutional quality, encouraging technological diffusion and increasing investment
in digital production systems should constitute the main priorities. These countries are
likely to obtain greater sustainability gains from policies that improve technological readi-
ness, facilitate the adoption of Industry 4.0 technologies and strengthen the integration
of circular economy principles into industrial production. In these countries, reducing
institutional barriers and improving implementation capacity may generate larger long-run
sustainability benefits than focusing exclusively on technological sophistication.

For countries located at the upper quantile, policy priorities gradually shift from tech-
nology adoption toward efficiency optimization. Since these economies already possess
relatively advanced digital infrastructure, higher renewable energy penetration and more
mature circular economy systems, future sustainability gains increasingly depend on im-
proving system efficiency rather than expanding capacity alone. Particular attention should
therefore be given to increasing the energy efficiency of digital infrastructure, improving
electricity storage systems, promoting smart grids, strengthening circular management
of electronic waste, securing critical raw material supply chains, and mitigating rebound
effects associated with digitalization and artificial intelligence.

The estimated long-run coefficients also suggest that renewable energy expansion
should not be viewed as an isolated policy objective. The negative long-run coefficient of
renewable energy indicates that increasing renewable energy capacity alone is insufficient
to ensure sustained improvements in sustainable development. Renewable energy policies
should therefore be implemented alongside investments in electricity storage technolo-
gies, transmission infrastructure, digital energy management systems, innovation capacity,
and institutional reforms. Similarly, the positive long-run association between ecological
footprint and sustainable development indicates that improvements in income and techno-
logical progress continue to rely partly on resource-intensive production and consumption
patterns. Consequently, policies promoting renewable energy should be complemented
by measures that increase resource efficiency, improve material productivity, encourage
sustainable consumption, and strengthen circular economy practices in order to accelerate
the decoupling of economic development from environmental pressure.

More broadly, the results indicate that sustainable development cannot be achieved
through isolated environmental, technological or energy policies. The strong interde-
pendence identified among Industry 4.0, renewable energy, circular economy, ecological
footprint and sustainable development demonstrates that these dimensions should be
considered complementary components of a unified sustainability strategy rather than
independent policy domains. Accordingly, policy coordination should become a central
objective of European sustainability governance. In this regard, the policy implications of
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the present study are closely aligned with existing European policy frameworks, particularly
the REPowerEU Plan, which promotes renewable energy deployment, energy efficiency and
digital transformation, and the EU Circular Economy Action Plan, which supports resource
efficiency, sustainable production and circular industrial systems. Greater integration between
digital transformation strategies, renewable energy programmes, industrial decarbonization
policies and circular economy initiatives is likely to generate substantially greater long-run
sustainability benefits than fragmented sector-specific interventions. In this respect, the results
of this paper support the development of integrated policy frameworks capable of simultane-
ously promoting technological innovation, environmental protection, resource efficiency and
sustainable development while reinforcing the objectives of these European Union initiatives.

6.2. Generalizability

The results of this paper should be interpreted within the institutional and economic
context of the European sample. The fourteen countries included in the analysis operate
under relatively similar environmental legislation, climate commitments, renewable energy
targets, and circular economy policies. Moreover, European integration has contributed to
greater convergence in regulatory standards, technological development, environmental
governance, and sustainability objectives. These common institutional characteristics
provide an appropriate setting for investigating heterogeneous sustainability dynamics
while limiting the influence of substantial structural differences that often characterize
cross-regional comparisons.

Accordingly, the relatively modest differences in the estimated quantile elasticities
should be interpreted in light of this institutional convergence. Since the sampled countries
share broadly comparable environmental, economic and regulatory frameworks, large differ-
ences in long-run coefficients were neither theoretically expected nor empirically necessary.
Instead, the results demonstrate that meaningful heterogeneity may still emerge even within
relatively homogeneous institutional environments. The PQARDL framework therefore re-
veals subtle differences in adjustment behaviour that remain hidden behind average panel
estimators, suggesting that distributional heterogeneity constitutes an important dimension
of sustainability analysis even among economies following similar development pathways.

Nevertheless, caution should be exercised when generalizing these results beyond
Europe. Countries outside the European context often differ substantially in institutional
quality, governance capacity, energy systems, environmental regulations, technological
readiness, financial development and industrial structure. Consequently, both the magni-
tude of the estimated elasticities and the underlying adjustment mechanisms may differ
in emerging and developing economies. Future comparative papers involving different
geographical regions would therefore provide valuable evidence regarding whether the
heterogeneous relationships identified in this paper remain robust under alternative insti-
tutional and economic environments.

6.3. Limitations and Future Research

The primary limitation of this paper is that the empirical analysis is restricted to a
panel of European countries. Although this relatively homogeneous sample provides a suit-
able framework for examining sustainability dynamics, the results should be interpreted
with caution when extending them to economies with different institutional, economic, and
environmental characteristics. Future research may apply the proposed PBARDL-PQARDL
framework to panels comprising emerging, developing, or mixed-country groups to ex-
amine whether the relationships identified in this paper remain robust across alternative
regional settings. In addition, future research may apply the proposed PBARDL-PQARDL
framework to panels comprising emerging, developing, or mixed-country groups to ex-
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amine whether the relationships identified in this paper remain robust across alternative
regional settings. In addition, future papers may extend the analysis to country-specific
time-data by employing the QARDL approach and providing a more detailed understand-
ing of the dynamic interactions among Industry 4.0, the circular economy, renewable energy,
ecological footprint, and sustainable development at the individual-country level.
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