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Abstract

This study explores the role of Economic Growth (EG), Renewable Energy Consumption (REC), Financial Development (FD),
and the Digital Economy (DE) in shaping environmental sustainability, measured by the Load Capacity Factor (LCF), in European
Union (EU) countries. Given the increasing policy focus on green transition and digital transformation, understanding both direct
and indirect effects of these factors has become essential. Using panel data for EU countries over the period 2010-2025, the study
applies the Method of Moments Quantile Regression (MMQR) to capture heterogeneous effects across different levels of
environmental performance. The findings indicate that EG exerts a negative effect on environmental sustainability, while REC
and FD contribute positively, particularly at higher quantiles. The DE also shows a significant positive impact across the
distribution of LCF. Importantly, the interaction results reveal that digitalization mitigates the environmental cost of EG and
strengthens the beneficial effects of renewable energy and FD. These findings highlight the pivotal role of the DE as both a direct
and moderating driver of sustainability. Therefore, policymakers should integrate digital transformation strategies with renewable

energy expansion and green financial systems to enhance environmental performance across EU counttries.

Keywords: Economic growth, Renewable energy consumption, Financial development, Ecological sustainability, Digital
economy.

1| Introduction

1.1| Background and Theoretical Motivation

Environmental sustainability has become a critical concern in modern economic systems, particularly in
regions such as the European Union (EU), where strong policy frameworks have been established to achieve
catbon neutrality. Theoretical and empirical studies emphasize that economic systems operate within
ecological limits, requiring a balance between Economic Growth (EG) and environmental preservation [1],
[2]. The EU has taken a leading role in this transition through initiatives such as the European Green Deal,
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which promotes renewable energy adoption, resource efficiency, and technological innovation [3], [4].
However, despite progress, environmental degradation persists due to rising consumption, industrialization,
and resource exploitation [5], [6]. These dynamics highlight the need for a comprehensive understanding of
sustainability drivers within heterogeneous economic systems.

EG is a central determinant of environmental outcomes, though its effects are often ambiguous. According
to the environmental Kuznets curve hypothesis, economic expansion initially leads to environmental
degradation but may improve environmental quality at higher income levels [7-9]. Empirical evidence
suggests that EG increases energy demand and resource use, thereby intensifying environmental pressure
[10-12]. However, economic development can also facilitate technological innovation and efficiency
improvements, which may reduce emissions in the long run [13—15]. In the EU context, these mixed effects
are further complicated by structural and institutional heterogeneity, making it necessary to examine additional
moderating factors.

Renewable energy consumption (REC) is widely recognized as a key mechanism for improving environmental
sustainability. The transition from fossil fuels to renewable energy sources significantly reduces carbon
emissions and ecological degradation [1], [16]. Empirical studies confirm that renewable energy plays a crucial
role in mitigating environmental damage, particularly when supported by technological innovation and policy
frameworks [17-19]. However, the effectiveness of renewable energy varies across regions and may exhibit
nonlinear patterns, especially in the presence of rebound effects or structural inefficiencies [20], [21]. These
findings suggest that renewable energy must be analyzed within a broader economic and technological

framework.

Financial Development (FD) plays a dual role in shaping environmental sustainability by influencing
investment allocation and economic activity. On one hand, developed financial systems can facilitate
investments in green technologies and renewable energy, thereby improving environmental quality [22], [23].
On the other hand, financial expansion may increase environmental degradation by promoting
industrialization and energy consumption [0], [24], [25]. Empirical evidence indicates that the environmental
impact of FD depends largely on institutional quality, technological innovation, and policy frameworks. In
the EU, where financial markets are relatively advanced, FD can act as both a driver of sustainability and a

source of environmental pressure.

The Digital Economy (DE) has recently emerged as a significant factor influencing environmental
sustainability. Digital technologies can enhance energy efficiency, optimize production processes, and
promote green innovation, thereby reducing environmental degradation [26]. At the same time, digital
infrastructure and data-intensive activities may increase energy consumption and environmental pressure [27],
[28]. Furthermore, digitalization may influence the effectiveness of other factors, such as EG, renewable
energy, and FD, through efficiency gains and technological diffusion. This highlights the importance of
examining the DE not only as a direct determinant but also as a moderating factor in environmental
sustainability.

1.2| Why EU Countries

The selection of EU countries is justified by their unique combination of economic integration, technological
advancement, and environmental policy leadership. The EU has implemented comprehensive sustainability
strategies aimed at reducing emissions and improving resource efficiency [3]. However, despite these common
policy frameworks, member states exhibit substantial heterogeneity in terms of economic structure, energy
consumption patterns, and environmental performance [29-31]. This diversity provides a valuable context
for examining heterogeneous environmental effects. Additionally, the availability of consistent panel data
across EU countries enhances the robustness of empirical analysis. Previous studies also highlight that the
effects of renewable energy, technological innovation, and EG differ across EU regions, reinforcing the
relevance of this sample [17].
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1.3 | Why Load Capacity Factor (LCF)

The Load Capacity Factor (LCF) is adopted as a comprehensive indicator of environmental sustainability
because it captures the balance between ecological demand and environmental capacity. Unlike traditional
indicators such as CO2 emissions, which focus only on environmental pressure, LCF provides a more holistic
measure by incorporating both resource consumption and ecological regeneration capacity; [32], [33].
Environmental sustainability is a multidimensional concept that cannot be fully captured by single indicators
[34-306]. Therefore, LCF offers a more accurate representation of sustainability by integrating ecological
constraints with economic activity. This makes it particularly suitable for EU countries, where sustainability
policies aim to achieve both emission reduction and long-term ecological balance.

1.4 | Contributions of the study

Although considerable progress has been made in understanding the drivers of environmental sustainability,
the existing literature still exhibits several shortcomings that limit a comprehensive understanding of the issue.
Much of the empirical work tends to assess the effects of EG, REC, and FD separately, thereby overlooking
the potential interdependencies among these factors. In addition, while the DE has increasingly been
recognized as an influential factor, its broader role, particularly in shaping the relationships between key
economic variables and environmental outcomes, remains insufficiently examined. Furthermore, the
dominant reliance on traditional proxies such as CO2 emissions and ecological footprint may not adequately
reflect the dynamic balance between ecological pressure and regenerative capacity. In this regard, more
comprehensive measures like the LCF have not been fully utilized, especially within the context of developed
regions. This is particularly relevant for EU countries, where diverse economic structures and policy
frameworks create varying sustainability dynamics that are not yet fully captured in the literature. Against this
backdrop, the present study develops a unified analytical framework to jointly assess the roles of EG, REC,
FD, and the DE in shaping environmental sustainability. It further extends the analysis by considering the
DE as a conditioning factor that influences these relationships, and employs the Method of Moments
Quantile Regression (MMQR) to provide robust and distribution-sensitive evidence.

1.5 | Research objectives and questions

The primary objective of this study is to investigate the impact of EG, REC, FD, and the DE on
environmental sustainability, measured by LCF, in EU countries. In addition to examining these direct effects,
the study aims to explore the moderating role of the DE in shaping the relationship between each explanatory
variable and environmental quality. Specifically, the study addresses the following research questions: How
do EG, REC, FD, and DE affect LCF in EU countries? Does the DE enhance or weaken the environmental
effects of EG? How does digitalization influence the effectiveness of renewable energy in improving
environmental sustainability? And does the DE moderate the relationship between FD and LCF?

2| Literature Review and Hypotheses Development

This section reviews the relevant theoretical and empirical literature on the relationships between EG, REC,
FD, DE, and environmental sustainability. It aims to identify key research gaps and provide a comprehensive
foundation for the study. Building upon this review, the section develops testable hypotheses grounded in
existing theories and empirical findings. Furthermore, a conceptual framework is proposed to illustrate both
the direct effects of the explanatory variables on environmental sustainability, measured by the LCF, and the
moderating role of the DE in shaping these relationships.
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2.1| Literature Review

2.1.1| Economic growth and environmental sustainability

The relationship between EG and environmental sustainability has been extensively examined in the literature,
with mixed empirical findings. According to the environmental Kuznets curve hypothesis, EG initially
exacerbates environmental degradation but eventually contributes to environmental improvement as income
levels rise and cleaner technologies are adopted [1], [7]. However, several studies argue that this relationship
is highly context-dependent, particularly in regions with heterogeneous economic structures such as the EU
[10]. While economic expansion increases energy consumption and environmental pressure, it can also
enhance efficiency and innovation, thereby reducing emissions in the long run [13]. These conflicting findings
suggest that the growth—environment nexus cannot be fully understood without considering additional
structural and technological factors.

2.1.2| Renewable energy consumption and environmental sustainability

REC has been widely recognized as a key driver of environmental sustainability. Empirical evidence
consistently demonstrates that increasing the share of renewable energy reduces carbon emissions and
ecological degradation [17], [20]. Moreover, renewable energy plays a crucial role in facilitating the transition
toward a low-carbon economy, particularly in developed regions [18]. However, the environmental benefits
of renewable energy may vary depending on technological capacity, policy frameworks, and economic
conditions [16]. Some studies also highlight nonlinear effects, suggesting that the marginal impact of
renewable energy may decline beyond certain thresholds [8].

2.1.3 | Financial development, digital economy, and environmental sustainability

FD represents another important determinant of environmental sustainability. On one hand, financial systems
can support green investments and technological innovation, thereby improving environmental quality [22].
On the other hand, financial expansion may increase environmental degradation by stimulating industrial
activity and energy consumption [23]. The empirical evidence on this relationship remains inconclusive, as
FD can ecither mitigate or exacerbate environmental pressure depending on institutional quality and regulatory
frameworks [24]. More recently, the DE has emerged as a critical factor influencing environmental outcomes.
Digital technologies can improve energy efficiency, optimize production processes, and promote green
innovation, thereby contributing to environmental sustainability [26]. However, the expansion of digital
infrastructure may also increase energy consumption, leading to ambiguous environmental effects.
Furthermore, digitalization may influence the effectiveness of other determinants, such as EG and renewable
energy, by enhancing efficiency and facilitating technological diffusion [32]. This highlights the importance
of examining the DE as both a direct and moderating factor in environmental sustainability.

2.2 | Key Research Gaps

Despite the growing body of literature examining the determinants of environmental sustainability, several
important gaps remain insufficiently addressed. First, while numerous studies have explored the individual
effects of EG, REC, and FD on environmental outcomes, these factors are often analyzed in isolation rather
than within an integrated framework. Second, although recent research has begun to highlight the role of the
DE in environmental sustainability, its dual function as both a direct determinant and a moderating
mechanism has received limited empirical attention. Third, the majority of existing studies rely on
conventional environmental indicators such as CO2 emissions or ecological footprint, which may not fully
capture the balance between ecological demand and environmental capacity. In this regard, the use of LCF
remains relatively underexplored, particularly in the context of advanced economies. Finally, empirical
evidence focusing on EU countries is still fragmented, despite their strategic importance in global
sustainability transitions. Therefore, this study addresses these gaps by developing an integrated framework
that simultaneously examines the direct and moderating effects of the DE on environmental sustainability,
using LCF as a comprehensive indicator within the EU context. Therefore, this study aims to address this
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void by rigorously examining the individual and interactive effects of EG, REC, FD, and DE on LCF using
the MMQR to ensure robust and reliable estimations.

2.3 | Hypotheses Development

EG affects environmental sustainability through multiple interconnected channels, including increased energy
consumption, industrial expansion, and technological advancement. While early stages of growth tend to
intensify environmental pressure due to higher resource utilization, advanced stages of development may
contribute to ecological improvement through efficiency gains, cleaner production technologies, and stricter
environmental regulations [1], [7]. In this context, the net effect of EG on environmental quality remains
theoretically ambiguous and empirically dependent on structural and institutional conditions. Based on the

foregoing arguments, the first hypothesis is formulated accordingly.
H1: EG has a significant effect on LCF.

REC is widely acknowledged as a fundamental driver of environmental sustainability, primarily due to its
ability to reduce dependence on fossil fuels and mitigate greenhouse gas emissions. The transition toward
renewable energy sources not only contributes to environmental improvement but also supports long-term
ecological balance by lowering environmental pressure [17], [20]. However, its effectiveness may vary across
countries depending on technological capabilities and policy frameworks. In light of the above discussion,

the second hypothesis is proposed as follows.
H2: REC positively affects LCF.

FD plays a dual role in environmental sustainability by influencing both investment patterns and economic
activities. On the one hand, developed financial systems facilitate access to capital for green technologies and
renewable energy projects, thereby enhancing environmental quality. On the other hand, financial expansion
may stimulate industrialization and energy consumption, potentially increasing environmental degradation
[23], [24]. This duality suggests that the overall impact of FD on environmental sustainability is context-
specific. Accordingly, the third hypothesis is derived based on the preceding theoretical considerations.

H3: FD significantly affects LCF.

The DE has emerged as a transformative force in shaping environmental sustainability through its impact on
production processes, energy efficiency, and technological innovation. Digitalization enhances resource
efficiency and promotes the adoption of cleaner technologies, thereby reducing environmental degradation.
Nevertheless, the expansion of digital infrastructure may also increase energy consumption, resulting in mixed
environmental outcomes [26]. Therefore, the overall impact of the DE on environmental quality remains an
empirical question. Building upon the above insights, the fourth hypothesis is formulated as follows.

H4: DE positively affects LCF.

The DE not only directly influences environmental sustainability but also plays a crucial moderating role in
shaping the effectiveness of other determinants. By enhancing technological diffusion, improving efficiency,
and optimizing resource allocation, digitalization can strengthen or weaken the environmental impact of EG,
renewable energy, and FD [32]. This moderating effect highlights the importance of incorporating DE into
the analytical framework of environmental sustainability. Consequently, the final hypotheses are specified

based on the preceding discussion:



Economic growth, renewable energy consumption, financial ... 160

H5: DE moderates the relationship between EG and LCF.

H6: DE moderates the relationship between REC and LCF.

H7: DE moderates the relationship between FD and LCF.

Drawing upon the above theoretical and empirical insights, this study proposes a conceptual framework
(see Fig. 7) that integrates economic, energy, financial, and technological dimensions in explaining
environmental sustainability. The model further considers the DE as a moderating mechanism that
conditions the impact of key determinants on the LCF, thereby offering a more nuanced understanding of
the sustainability process.
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Fig. 1. The conceptual framework for analyzing the direct and moderating
effects of de on environmental sustainability.

3| Data and Methodology

3.1| Data Collection and Research Variables

This study examines the effects of EG, REC, FD, and the DE on environmental sustainability, proxied by
the LCF. The empirical analysis is based on panel data covering the period from 1995 to 2024 for 27 EU
economies. All variables used in this study are secondary data obtained from reliable and widely recognized
sources, including the World Bank’s World Development Indicators, Eurostat, and OECD databases. To
ensure consistency and improve the statistical properties of the data, all variables are transformed into their
natural logarithmic forms. This transformation helps reduce potential heteroscedasticity, smooth out extreme
values, and allows the estimated coefficients to be interpreted in elasticity terms, thereby enhancing the overall
robustness and interpretability of the results.

3.2| Methodology

The empirical strategy of this study follows a systematic sequence of diagnostic and estimation procedures
tailored for heterogeneous panel data with potential Cross-Sectional Dependence (CSD). The analysis initially
employs descriptive statistics and graphical tools, including density plots, to explore the distributional
characteristics of the variables, identify potential outliers, and assess variability across countries. In addition,
multicollinearity among the explanatory variables is evaluated using the Variance Inflation Factor (VIF) to
ensure the robustness and stability of the estimated coefficients in the multivariate framework. Given the
panel structure involving multiple EU countries, testing for CSD is a crucial preliminary step to avoid biased
and inconsistent estimations. Following this, the slope homogeneity assumption is examined to determine
whether the estimated relationships are uniform across countries. Considering the economic and institutional
heterogeneity among EU member states, ignoring slope heterogeneity may lead to misleading conclusions.
Therefore, the slope heterogeneity test is conducted to assess the extent of parameter vatiation across cross-
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sectional units. Subsequently, the stationarity properties of the variables are investigated using the Cross-
Sectionally Augmented Im, Pesaran, and Shin (CIPS) unit root test, which accounts for CSD in non-stationary
panels. After determining the order of integration, the existence of long-run equilibrium relationships among
the variables is examined through the Westerlund panel cointegration test, which is particulatly suitable for
panels characterized by cross-sectional interdependence and relatively short time dimensions. Given the
presence of heterogeneity and non-normality in the data, the study employs the MMQR to estimate the long-
run relationships. This approach allows for capturing heterogeneous effects across different quantiles of the
LCF distribution, providing a more comprehensive understanding of how EG, REC, FD, and the DE
influence environmental sustainability across countries with varying performance levels.

To examine the determinants of environmental sustainability, this study specifies a functional relationship in
which the LCF is modeled as a function of EG, REC, FD, and the DE. The general functional form is
expressed as follows:

InLCFj; = ap + oy InEGj¢ + a; InREC;¢ + a3 In FDy + oy In DE;j +

Sit.

)

To capture both potential nonlinearities and the moderating influence of digitalization, the model is extended
by incorporating squared terms of the key explanatory variables alongside interaction terms. The inclusion of
squared terms enables the examination of possible nonlinear relationships, such as U-shaped or inverted U-
shaped effects, while the interaction terms account for the role of the DE in shaping the impact of EG, REC,
and FD on environmental sustainability. In particular, the interaction between EG and the DE is introduced
to assess whether digitalization amplifies or mitigates the environmental effects of economic expansion. The
extended model is therefore specified as follows:

InLCF;¢ = ap + o4 InEGj¢ + a5 In EG2;¢ + a3 In RECj¢ + o4 In FDy¢ + a5 In DEj¢ + ag(InEGy¢
X InDE;j;) + €4,

InLCF;¢ = ap + a4 InEGj¢ + a3 In EG2j; + a3 In RECj¢ + o4 In FDj¢ + a5 In DE;j¢ +

0 (INREC;; X InDE;;) + €,

InLCFj¢ = ap + a4 InEGj¢ + a3 In EG2;¢ + o3 In RECj¢ + a4 In FDj¢ + a5 In DEj¢ + ag (InFDj¢
X InDE;;) + &¢.

@)
©))
“4)

To further examine potential nonlinearities in the relationships, squared terms of the key explanatory variables
are incorporated into the model. This allows for testing the presence of nonlinear effects such as inverted U-
shaped or U-shaped relationships. The extended specification is given as:

Qe(InLCFy | Xit) = & + @1INEGy; + @InEG2;¢ + @3INREC;; + @4InFD;¢ + @5 InDEy,,  (5)

Q:(InLCFjt | Xjt) = & + @1InEGjt + @2(INEG2;j; + @3InREC;; + @4InFDjt + @5 (InEG;¢
X lnDEit),

Q:(InLCFj¢ | Xjt) = & + @1InEGj¢ + @2InEG2;¢ + @3:InREC;; + @4.InFD;¢ + @5
(lnRECit X lnDEit),

Q:(InLCFjt | Xjt) = & + @1InEGj¢ + @2¢InEG2j; + @3InREC;; + @4InFDj¢ + @5 (InFDj

©)
Q)
@®

As a result, it provides a more reliable framework for examining dynamic interactions in integrated regions
such as the EU. An important advantage of this method is its flexibility in accommodating heterogeneous
causal structures across countries. It remains valid even in panels where the cross-sectional dimension (N)
exceeds the time dimension (T), and it offers a rigorous statistical basis for identifying dynamic linkages
beyond simple correlations.
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4| Results and Discussion

First of all, to explore further information, refer to Table 1 presenting pre-estimation evaluations including
descriptive statistics for the variables included in the model. The descriptive statistics reported in Table 1,
together with the distributional patterns illustrated in Fzg. 2, provide strong empirical justification for the use
of the MMQR. As shown in Table 1, several variables exhibit notable skewness and excess kurtosis, indicating
departures from normality. In particular, LCF and REC display positive skewness, while FD and DE exhibit
negative skewness, suggesting asymmetric distributions across the sample. Moreover, the high kurtosis values
for variables such as LCF and DE indicate the presence of heavy tails and potential outliers. These findings
are further supported by the Jarque—Bera statistics, which confirm that most variables are not normally

distributed at conventional significance levels.

Table 1. Descriptive statistics of the variables.

Variables InLCF InEG InREC InFD InDE
Mean 1338 10.625 2511 4671 2267
Maximum 2.758 11.629 5.36 5.718 3.251
Minimum 0.506 9.772 1.12 3528 0.058
Skewness 1.305 0.182 0911 -0.323 -0.910

Kurtosis 5.706 3.021 4398 3.381 6.328
Jarque-Bera (Probability)  259.161 (0.000)  2.447 (0.294)  96.758 (0.000) 10.363 (0.005) 263.829 (0.000)
Observations 440 440 440 440 440

Consistent with these results, Fig. 2 reveals that the density distributions of the variables are not symmetric
and deviate from the normal distribution. The observed dispersion and irregular shapes across variables
highlight the presence of heterogeneity in the data. This heterogeneity implies that the relationships between
the explanatory variables and environmental sustainability LCF may vary across different points of the
conditional distribution, rather than being adequately captured by mean-based estimators. Taken together,
the evidence from both Tabl 1 and Fig. 2 suggests that conventional estimation techniques, which focus on
average effects, may lead to biased or incomplete inferences. In contrast, the MMQR approach is more
appropriate in this context, as it allows the estimation of heterogeneous effects across different quantiles of
LCF. This enables a more comprehensive understanding of how EG, REC, FD, and the DE influence

environmental sustainability across low, medium-, and high-performance countries.
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Fig. 2. Density distributions of the study variables.

To assess the potential presence of multicollinearity among the explanatory variables, the VIF, along with its
reciprocal measure, tolerance (1/VIF), is examined. Generally, VIF values exceeding conventional thresholds
(such as 5 or 10) signal serious multicollinearity concerns, whereas lower values indicate weak correlations
among the regressors. As reported in Table 2, all VIF values are well below the critical threshold of 2,
suggesting that multicollinearity is not a significant issue in the estimated model. Consequently, the
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explanatory variables can be included simultaneously without compromising the reliability of the regression
results.

Table 2. Results of VIF analysis.

VIF 1/VIF
InL.CF 1.59  0.591
InEG 1.33  0.744
InREC 1.32 0.762
InFD 1.04 0971
InDE 1.12° 0.889

Mean VIF  1.38

The findings presented in Table 3 provide important insights into the relationships between the key
explanatory variables, EG, REC, FD, and DE, and environmental sustainability, proxied by the LCF, across
EU countries. The analysis begins with the slope homogeneity test developed by Blomquist and Westerlund
[37]. The results cleatly reject the null hypothesis of slope homogeneity, indicating that the estimated
coefficients differ across panel units. This outcome suggests the presence of significant cross-country
heterogeneity, implying that the impact of the explanatory variables on environmental sustainability is not
uniform across EU member states. Such variation may stem from differences in economic structure,
institutional quality, technological development, and energy policies. Consequently, adopting a heterogeneous
panel framework is essential to accurately capture these country-specific dynamics. By allowing for parameter
heterogeneity, the empirical model can generate more reliable and policy-relevant insights, as it acknowledges
that countries may respond differently to changes in EG, renewable energy adoption, FD, and digitalization.
This, in turn, enhances the validity of the results and supports the formulation of more targeted and effective

environmental policies.

Table 3. Results of Slope heterogeneity analysis.

Test Value P-Value
§s-m -1.763* 0.068
Aqgj. s—ur -2.241%F 0.017

The significance level is indicated as **<5% and *<10%.

The CIPS unit root test results in Table 4 show that all variables exhibit stationarity only after first differencing,
confirming their I(1) integration.
Table 4. Results of CSD and CIPS analysis.
Variables BP-LM Test Prob CIPS

Level 1st Difference
Inl.CF 116.201%%¢ 0.000 -0.369 -2.807%k
InEG 81.5071** 0.000 -1.212%kk 3 528%k*
InREC 57.363%%* 0.000 -1.623 -2.709%k
InFD 225.1371%%* 0.000  -1.659%#*k  _4 735%k%
InDE 123.781%k* 0.000 -1.723 -4 3445

The significance level is indicated as *¥*<1% and **<5%.

The results of the cointegration analysis, based on the Westerlund [38] framework and presented in Table 5,
provide strong evidence of a long-run equilibrium relationship among the variables. This finding implies that
environmental sustainability, measured by the LCF, maintains a stable long-term association with its key
determinants, including EG, REC, FD, and the DE. In other words, these variables move together over time,
reflecting a persistent and interconnected dynamic in shaping environmental outcomes across EU countries.
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Table 5. Results of Westerlund [38] cointegration analysis.

Statistic  Values Z-Values Robust P-Value

Gt -5.208%F* 2,531 0.004
G, -1.421 1.851 0.951
P -5.300%F* - -2.488 0.005
1A -1.342 1.221 0.906

The significance level is indicated as ***<1%.

Table 6 reports the MMQR estimates under four model specifications and provides evidence that the effects
of the explanatory variables on environmental sustainability, proxied by LCF, are heterogeneous across the
conditional distribution. This heterogeneity is consistent with the eatlier diagnostic results and confirms that
the environmental impacts of growth, renewable energy, FD, and digitalization differ between low-, middle-,
and high-LCF countries in the EU. Overall, the results indicate that the determinants of ecological
sustainability do not operate uniformly across EU member states, which is plausible given their differences
in production structures, energy systems, financial depth, and digital readiness.

Table 6. Results of MMQR analysis.

Variables Location Scale Q10 Q25 Q50 Q75 Q90
InEG -0.039%¢  0.004 -0.040%F  -0.038***  -0.031***  -0.028%*  -0.022%*
InEG2 -0.042%F%  0.005%%F  0.031**  0.029%* 0.028%%x  (0.022%**  (0.019%*
InREC 0.0379%F  0.423%%k  0.428%*F  0.110%F  0.453%F  0.667** 0.551**
InFD -0.016%F  -0.013*  0.019%*  0.028** 0.059F**  (.99%** 0.088**
InDE -0.014%%6  -0.018%F*  0.108*%*  0.099** 0.111** 0.106** 0.087#+*
Variables Location  Scale Q10 Q25 Q50 Q75 Q90
InEG -0.053*+  0.008 -0.037+%F  -0.036%*F  -0.029%*  -0.027F%F  -0.024%FF
InEG2 0.122 -0.529%FF  0.036*%*  0.033** 0.025%F*  0.021** 0.019**
InREC -0.046%+F  -0.009 0.419%F*  0.108%%F  0.463%FF  (0.653** 0.499**
InFD -0.009*%¢ 0.001 0.018%F  0.024** 0.058F+*  (.98%** 0.079**
InDE 0.118 0.026%%*  0.101*%*  0.091** 0.105%* 0.112%* 0.097#%*
InDE*InEG2  -0.073**¢  0.004 0.008%F*  0.005%%F  0.006*%*  0.009%*  0.007*%+*
Variables Location  Scale Q10 Q25 Q50 Q75 Q90
InEG -0.088*+F  -0.011 -0.041%%  -0.039%*  -0.031**  -0.025%*  -0.021**
InEG2 -0.061#+F  -0.039%F*  0.034%*  0.030** 0.028** 0.029%+%  0.017+%*
InREC 0.409** 0.464** 0.389%*% 0. 101%Fk  (0.455%F  (.589** 0.481**
InFD 0.041 0.002 0.015%*  0.022%* 0.061*%x  (.88** 0.075%*
InDE -0.055%F  -0.014%F  0.099**  0.102%* 0.112%* 0.108** 0.096**+*
InDE*InREC ~ 0.021** 0.001* 0.004%F*  0.002%%F  0.003**  0.007%F  0.009%**
Variables TLocation  Scale Q10 Q25 Q50 Q75 Q9%
InEG -0.089+F¢  -0.010 -0.031%F  -0.034%*  -0.036*%*  -0.035%*  -0.039**
InEG2 -0.059%FF  -0.037FF*  0.038**  0.032%* 0.033** 0.028%*  (.022%**
InREC 0.401** 0.404** 0.366%**  0.208%FF  (.355%FF  ().385%* 0.381**
InFD 0.031 0.003 0.017#*  0.021** 0.059%xk (). 79%kk 0.072%*
InDE -0.045%F  -0.013%F  0.089**  0.107** 0.119%* 0.104** 0.099#+*

InDE*InFD 0.031%* 0.007* 0.005%*< 0.004%F€  0.004%F*  0.006%F*  0.007***

The significance level is indicated as ***<1% and **<5%.

Across all four specifications, the coefficient of EG remains negative and statistically significant across most
quantiles. This suggests that, in the EU context, higher EG is associated with a decline in LCF, implying that
growth still exerts ecological pressure rather than improving environmental sustainability. The magnitude of
the negative effect generally becomes smaller at higher quantiles in some specifications, indicating that the
adverse effect of growth is stronger in lower-LCF countries and relatively weaker in countries with better
environmental performance. This result is broadly consistent with studies that argue that economic expansion
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increases energy demand, material use, and environmental pressure, especially when growth is still tied to
production-intensive sectors, as emphasized by [10], [11] However, it differs from the more optimistic strand
of the literature, such as, Su et al. [13] and Ibrahim et al. [14], which suggests that growth may eventually
promote environmental improvement through innovation and efficiency gains.

A likely explanation for this result in the EU is that, despite strong sustainability policies, many member states
still rely on growth models linked to transport, manufacturing, logistics, and high consumption patterns. Thus,
even in advanced economies, economic expansion may continue to raise ecological demand faster than
ecological capacity, especially in countries where green structural transformation remains incomplete. The
squared term of EG shows mixed signs across the location and quantile estimates, but the quantile coefficients
are generally positive and significant. This pattern points to a nonlinear relationship between growth and
environmental sustainability. Taken together with the negative coefficient on InEG, the evidence supports
the existence of a U-shaped relationship rather than an inverted U-shaped one. In other words, at lower levels
or early phases, growth appears to reduce LCF, and the positive coefficient on the squared term suggests that
this effect changes as income rises, although not necessarily enough to reverse the environmental burden
straightforwardly. This finding partly resonates with the broader EKC debate discussed in the literature
review, but it does not fully validate the conventional inverted-U version. Instead, it suggests that the EU
growth—sustainability nexus is more complex and distribution-dependent. One possible reason is that in
several EU countries, mature economies already operate at high income levels, where additional growth is
often driven by consumption-intensive lifestyles, digital infrastructure expansion, and resource-intensive
supply chains. Therefore, the environmental gains from technology and regulation may coexist with rebound

effects and continued ecological stress.

REC shows a positive and statistically significant effect on LCF across almost all quantiles and specifications,
making it one of the most stable findings in the table. This indicates that greater use of renewable energy
improves environmental sustainability in EU countries. The positive impact is especially pronounced in the
middle and upper quantiles, suggesting that renewable energy is particularly effective in countries that already
possess relatively stronger ecological performance or better institutional capacity to absorb green
technologies. This result is fully in line with the findings of [17], [18], [20]. all of whom emphasize the
environmental benefits of the renewable energy transition. However, it is somewhat more favorable than the
nonlinear or threshold-based concerns noted by [8], who argue that the sustainability benefits of renewable
energy may weaken under some structural conditions. The positive EU-specific explanation is
straightforward: European countries generally possess stronger renewable-energy governance, better grid
integration, more stable green financing, and stronger regulatory support than many developing economies.
As a result, renewable energy is not merely replacing fossil fuels symbolically; it is increasingly embedded in
electricity generation, transport transition, and industrial decarbonization strategies.

The effect of FD is more nuanced. In the baseline specification, InFD has a negative location effect, but the
quantile coefficients are positive and statistically significant, especially from the median upward. In the
interaction models, the positive quantile effect remains largely intact. This suggests that, although the average
effect may appear weak or even adverse in some aggregate sense, FD contributes positively to environmental
sustainability across much of the LCF distribution, particulatly in medium- and high-LLCF countries. This
result is partly consistent with Alola and Adebayo [22], who show that financial and technological mechanisms
can support sustainability, but it differs from the pessimistic view in Marshadi et al. [23] and Shobande and
Ogbeifun [24], where financial expansion is often associated with ecological deterioration. The divergence is
understandable in the EU setting. FD in Europe is increasingly linked to sustainable finance, ESG disclosure,
climate investment, and green bond markets. Hence, the financial sector may facilitate renewable energy
deployment, clean innovation, and low-carbon infrastructure rather than simply financing pollution-intensive
expansion. At the same time, the positive coefficients becoming stronger at higher quantiles imply that the
environmental benefits of finance are not evenly distributed. Countries with deeper institutions, stronger
financial regulation, and more developed green capital markets benefit more from FD than those where
finance still primarily serves conventional production and consumption.
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The direct effect of the DE is somewhat mixed between location/scale and quantile estimates, but the quantile
coefficients are consistently positive and significant across all four specifications. This suggests that
digitalization improves environmental sustainability across EU countties, even though the average effect may
look ambiguous when heterogeneity is ignored. In practical terms, the DE appears to support higher LCF
through efficiency gains, smarter production systems, improved information flows, and enhanced
coordination in energy and resource use. This finding aligns with Zhong et al. [26], who argue that
digitalization can reduce environmental degradation through energy efficiency, green technology innovation,
and structural upgrading. It is also consistent with the broader argument in Nathaniel et al. [32] that DE
variables can reshape environmental outcomes. However, it differs from the more cautious literature that
emphasizes the energy-intensive side of digital infrastructure and data use. The EU context helps explain the
positive sign. European countries generally combine digital development with stronger institutions, energy
regulation, environmental monitoring, and green innovation frameworks. Therefore, the DE is more likely to
complement sustainability goals rather than simply increase energy demand through uncontrolled digital
expansion.

The interaction term between the DE and EG is positive and statistically significant across quantiles. This
implies that digitalization moderates the adverse effect of EG on environmental sustainability and partly
offsets the ecological burden associated with expansion. In other words, although growth alone reduces LCF,
the presence of a stronger DE weakens that negative relationship. This is an important result because it
suggests that the environmental cost of growth is conditional on the level of digital transformation. In more
digitalized EU economies, growth may become less resource-intensive due to productivity improvements,
smarter logistics, digital public services, automated resource management, and cleaner production systems.
This interpretation is fully consistent with the study’s theoretical framework and supports the idea that

digitalization can reshape the growth—environment nexus in a more sustainable direction.

The interaction term between the DE and REC is also positive and significant across all quantiles. This
indicates that digitalization strengthens the beneficial effect of renewable energy on LCF. Put differently,
renewable energy becomes more environmentally effective when it is complemented by higher levels of digital
development. This is plausible in the EU because digital technologies improve renewable energy integration
through smart grids, real-time demand management, storage optimization, and better forecasting of
intermittent energy sources. Therefore, digitalization does not merely act as an independent sustainability
driver; it enhances the efficiency and environmental payoff of the renewable energy transition. This result is
strongly in line with the argument in the literature that digital systems can facilitate energy transition and
technological upgrading.

The interaction term between the DE and FD is positive and significant as well. This means that digitalization
amplifies the positive effect of FD on environmental sustainability. In economies with a more advanced digital
base, FD appears to be more effective in supporting environmental performance. A likely reason is that
digitalization improves financial transparency, reduces transaction costs, expands fintech and green fintech
solutions, and enhances the allocation of capital toward cleaner investments. In the EU context, where
sustainable finance frameworks are becoming increasingly important, the DE may help channel financial
resources more efficiently into environmentally supportive sectors. Thus, the interaction result suggests that
digitalization and finance operate as complementary pillars of ecological sustainability rather than as separate
forces. A summary of the findings from the estimation is also depicted in Fig. 3 below.
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Fig. 3. Graphical presentation of empirical results.

Overall, Table 6 suggests that EG remains environmentally costly in the EU, whereas renewable energy, FD,
and the DE generally improve environmental sustainability. More importantly, the three interaction terms
show that digitalization plays a constructive moderating role: it softens the negative ecological effect of growth
and enhances the positive effects of renewable energy and finance. These findings reinforce the study’s central
argument that the DE matters not only directly, but also indirectly by conditioning the environmental

effectiveness of other structural determinants.
5| Conclusion

This study investigates the impact of EG, REC, FD, and the DE on environmental sustainability, measured
by the LCF, in EU countries using the MMQR approach. The findings reveal that EG exerts a negative effect
on environmental sustainability, indicating that growth in the EU still imposes ecological pressure. In contrast,
REC consistently improves environmental quality, highlighting its critical role in sustainability transitions. FD
shows a generally positive effect across higher quantiles, suggesting that advanced financial systems can
support environmental improvement. The DE also contributes positively to sustainability, particularly across
the distribution of LCF. Importantly, the interaction results indicate that digitalization mitigates the adverse
effects of EG while strengthening the positive impacts of renewable energy and FD, confirming its dual role
as both a direct and moderating factor in shaping environmental outcomes.

5.1| Policy Recommendation

The findings offer several important policy implications. First, policymakers should accelerate the transition
toward renewable energy, as its positive environmental impact is robust across all quantiles. Second, EG
strategies should be aligned with sustainability objectives by promoting green technologies and reducing
reliance on resource-intensive sectors. Third, FD should be directed toward green investment channels,
including sustainable finance and climate-related funding mechanisms. Most importantly, the results highlight
the strategic role of the DE. Governments should enhance digital infrastructure, promote smart energy
systems, and support digital innovation, as digitalization not only improves environmental sustainability
directly but also amplifies the effectiveness of renewable energy and green finance. Therefore, integrating
digital transformation with environmental and economic policies is essential for achieving long-term
sustainability in EU countries.
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