
Academic Editor: Cristina Raluca

Gh. Popescu

Received: 10 February 2025

Revised: 2 April 2025

Accepted: 4 April 2025

Published: 8 April 2025

Citation: Pei, M.; Tabish, R.

Forging a Sustainable Future in G20

Economies: The Transformative Role

of Technological Innovation, Green

Finance and Higher Education Amid

Globalization and Entrepreneurial

Growth. Sustainability 2025, 17, 3321.

https://doi.org/10.3390/

su17083321

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Forging a Sustainable Future in G20 Economies: The
Transformative Role of Technological Innovation, Green Finance
and Higher Education Amid Globalization and Entrepreneurial
Growth
Meng Pei 1,2 and Riya Tabish 3,*

1 College of Educational Sciences, Yangzhou University, Yangzhou 225002, China; peimeng@cczu.edu.cn
2 Youth League Committee, Changzhou University, Changzhou 213159, China
3 National Institute of Environmental Management (NIOEM), Lahore 54792, Pakistan
* Correspondence: dr.riya.tabish@gmail.com

Abstract: Environmental degradation poses a significant global challenge which necessi-
tates innovative strategies to achieve sustainability. This study investigates the impact of
technological innovation (TCN), higher education (EDU), green finance (GRF), globaliza-
tion (GLI), and entrepreneurship (ENT) on environmental quality (EQ) in G20 countries.
The study uses panel data from 2000 to 2020 to investigate relationships between study
variables. Among the various diagnostic tests conducted, the Variance Inflation Factor (VIF)
confirms that multicollinearity is not present. Furthermore, the cross-sectional dependence
(CSD) test identifies cross-sectional interdependence among the study variables. Moreover,
the slope homogeneity (SL) test indicates heterogeneity in the data. For the stationarity
check, the Cross-Sectional Augmented Im–Pesaran–Shin (CIPS) test indicates mixed results.
Finally, the study uses the Cross-Sectionally Augmented Autoregressive Distributed Lag
(CS-ARDL) and the Generalized Method of Moments (GMM) for the long- and short-run
analysis of variables. The outcomes of CS-ARDL indicate that GLI has a significant negative
impact on EQ, hence causing deterioration in G20 economies. On the other hand, TCN,
EDU, GRF, and ENT show positive and significant impacts on EQ, therefore enhancing
environmental outcomes. Additionally, the Dumitrescu–Hurlin causality test reveals bidi-
rectional causality, which highlights the interconnected relationship between TCN and
ENT with EQ. However, GRF, EDU, and GLI demonstrate unidirectional causality with
EQ. The takeaway of the study focuses on the importance of policies in promoting green
innovation, resource efficiency, and sustainable practices to advance environmental quality
within G20 economies.

Keywords: technological advancements; green finance; sustainability; entrepreneurship; G20

1. Introduction
Environmental quality (EQ) has taken worldwide value, which is a sign to put a

balance between economic progress and environmental safety. Hence, EQ is viewed as
essential to addressing pressing concerns such as climate change, health of biodiversity,
and resource overexploitation. Therefore, scientists highlight the importance of adopting
an interdisciplinary approach, which incorporates EQ, economic development, and TCN
to develop a more sustainable solution. In this regard, several studies feature the critical
role of green technologies and innovative practices in reducing environmental degradation
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while encouraging EQ [1], whereas policymakers progressively acknowledge the implica-
tion of EQ in shaping long-term development strategies [2]. As a result, global efforts like
the SDGs and the Paris Agreement focus on creating policies that balance economic growth
with EQ [3]. However, the integration of GRF and sustainable industrial practices into
policy agendas underlines the collective commitment in achieving ecological equilibrium.
On the other hand, collaboration between scientific research and policymaking remains
very important in addressing the multifaceted challenges posed by GLI, urbanization, and
environmental crises [4]. Therefore, neglecting EQ exacerbates climate change, resource
depletion, and ecological degradation, with vulnerable populations disproportionately
affected. This indicates that without aligning TCN, EDU, and GRF with sustainability
goals, opportunities to mitigate environmental crises and foster transformative solutions
are lost. Moreover, the absence of sustainability-focused education limits the development
of leaders equipped to address these challenges, while insufficient GRF stifles funding for
critical initiatives [5]. Furthermore, GLI and entrepreneurial activities driven by short-term
economic gains intensify ELF by underscoring the urgent need for integrated strategies to
harmonize economic progress with ecological preservation. More importantly, the study
uses TCN instead of green innovation for several reasons. For example, technological inno-
vation influences environmental quality by shaping energy use and industrial processes [6].
While green innovation targets eco-friendly technologies, this study uses total patent counts
as a broader measure of technological progress. This approach is justified because (1) tech-
nological innovation enhances energy efficiency, reduces waste, and optimizes resource
use, indirectly improving environmental quality [7], and (2) green patents represent only a
fraction of overall innovation. Additionally, advancements in digitalization and automation
contribute to environmental outcomes, even if not classified as “green.” Thus, this study
examines the broader impact of technological innovation on environmental quality.

Furthermore, considering the importance, EQ within the G20 is crucial due to the
group’s significant influence on global economic, environmental, and social dynamics.
The G20, made up of the world’s biggest economies, represents about 85% of the global
economy, 75% of trade worldwide, and around two-thirds of the world’s population [8].
These nations are also responsible for over 80% of global CO2, highlighting their important
role in addressing environmental challenges [9]. The G20’s collective economic power and
resource consumption place it at the forefront of mitigating environmental degradation.
Therefore, by prioritizing sustainability, the G20 can drive global progress toward reduc-
ing ELF, through advancing renewable energy transitions and implementing innovative
technologies. As a result, it will have far-reaching impacts on regional and global policies,
influencing trade, investment, and development strategies across both developed and de-
veloping nations. Additionally, the role of G20 as a platform for multilateral collaboration
enables it to set ambitious environmental agendas, promote GRF, and champion policies
that align economic growth with ecological preservation [10]. Therefore, addressing EQ in
the G20 is not only essential for the group’s member countries but also for ensuring global
environmental resilience and equitable development.

However, talking about the growing importance of EQ for the G20, especially in
light of the current global environmental challenges, our study seeks to explore the intri-
cate relationships between TCN, EDU, GRF, GLI, and ENT within this context. The G20
economies hold a critical role in shaping sustainable practices that can mitigate ecological
degradation [11]. Addressing these issues requires a universal approach that integrates
innovation, education, finance, and entrepreneurial initiatives to drive substantial change.
Therefore, the study variables TCN, EDU, GRF, GLI, and ENT are key drivers in addressing
ES. Hence, by exploring how these factors interact and influence ELF, our study highlights
their potential to shape effective sustainability strategies within the G20. Understanding
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how these variables collectively impact ELF will help design targeted policies for sus-
tainable development, reinforcing the G20’s role in leading the transition to a greener
global economy.

This study examines environmental quality (EQ), using ecological footprint (ELF) as
its proxy. There are several reasons behind choosing this variable as the proxy for EQ.
The ELF is a well-established indicator that measures how human activities impact the
environment through tracking resource consumption and waste generation. According
to the literature, ELF serves as a key tool for evaluating environmental quality across
several economies [12,13]. Unlike previous studies that often observe these factors in
isolation, this study takes a broader approach by exploring the interconnected roles of
several variables including technology (TCN), education (EDU), and energy transition
(ENT). As environmental concerns continue to grow, it is important to understand how
different economic and policy factors—such as green finance, technological innovation,
education, entrepreneurship, and globalization—affect sustainability in G20 countries. By
examining these relationships, this study provides useful insights into how economies can
grow while protecting the environment. These findings can help policymakers develop
strategies that promote both economic progress and ecological balance.

Furthermore, this study takes into consideration the impact of the COVID-19 era,
which has accelerated digital transformation in shaping environmental outcomes. More-
over, while some past studies have examined the combined influence of these variables on
environmental quality, few have specifically focused on G20 economies. This work fills that
gap by investigating how TCN drives cleaner energy solutions and promotes sustainable
production. Another important variable of the current study is education, which plays
a critical role in raising environmental awareness, as highlighted in prior findings [14].
Taking into account the importance of environmental regulations, the study takes ENT
into consideration, which is overlooked in existing studies especially in G20. According
to previous literature, ENT fosters green business strategies and GRF [15]. Beyond that,
this study further expands the conversation by incorporating GLI and GRF—two vital
yet underexplored aspects of sustainability transitions. Additionally, the COVID-19 crisis
highlighted, on the one hand, the urgency of sustainable financial mechanisms and, on the
other hand, international collaboration in tackling environmental challenges. In this regard,
the previous studies show that GRF is pivotal in funding low-carbon initiatives, whereas
GLI facilitates both cross-border diffusion of green technologies and sustainable practices.
However, existing studies largely overlook the dual nature of GLI, which enhances sus-
tainability while also driving environmental degradation, if not strategically aligned with
GRF [16,17]. Therefore, in order to integrate these critical components, this study offers a
novel framework that connects financial, technological, and educational drivers of sustain-
ability. Unlike previous research, this study emphasizes their interdependence and policy
implications, by providing a more comprehensive understanding of how to optimize these
mechanisms for achieving long-term EQ.

Hence, this suggests that addressing EQ is crucial for securing a sustainable future,
especially as the world deals with the challenges of climate change, loss of biodiversity, and
resource depletion [18]. Therefore, for G20, integrating key variables such as TCN, EDU,
ENT, GRF, and GLI are essential in developing effective strategies to mitigate environmental
impacts and substitute long-term sustainability [19,20]. Hence, our work fills a significant
research gap by exploring the complex interrelationships between these factors and their
collective impact on ELF, specifically within the context of the G20 economies. Therefore, by
leveraging TCN, ENT, GRF, and EDU, G20 countries can create sustainable solutions for the
protection of EQ. This also empowers a new generation of leaders and drives the transition
to a greener economy [21,22]. Through this study, we aim to answer key questions about
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how these variables interact and influence environmental outcomes, providing valuable
insights for the scientific community and policymakers.

For G20 countries, integrating key variables such as TCN, EDU, ENT, GRF, and GLI is
essential for mitigating environmental impacts and fostering long-term sustainability [23],
and GLI further enhances these efforts by enabling international cooperation and the
spread of sustainable practices [24]. Based on a comprehensive literature review and the
current global need for sustainable solutions, our study seeks to answer the following
research questions:

1. How does green finance improve environmental quality in G20 economies?
2. In what ways does technological innovation foster environmental quality?
3. What is the impact of higher education on environmental quality in the G20?
4. How does globalization impact environmental quality in G20 countries?
5. How does entrepreneurship interact with environmental quality within the G20?

Hence, the current study aims to offer useful insights not only for researchers but also
for policymakers, along with supporting global discussions on sustainable development
and guiding policies that balance economic growth with protecting the environment. The
study is structured as follows: Section 2 reviews the relevant literature, Section 3 explains
the methodology, Section 4 presents the results, Section 5 discusses the findings, and
Section 6 concludes with policy recommendations.

2. Literature Review
The interplay of TCN, EDU, and green financing has become a pivotal catalyst for

EQ [25]. In G20 economies, GLI and ENT enhance these effects by facilitating the transna-
tional exchange of knowledge, capital, and sustainable technology [26,27]. Recent research
underscores the significance of EDU in promoting environmental consciousness and cre-
ativity, whereas GRF accelerates sustainable initiatives [5,28]. This analysis examines the
synergistic pathways and their combined effects on ecological outcomes, highlighting GLI
and ENT as essential facilitators.

2.1. Green Finance and Environmental Quality

ES involves the judicious consumption of resources to address current needs while
ensuring that future age groups can fulfill their own needs [29–31]. This idea includes
the management of these resources, a reduction in GHGs, and the promotion of green
energy [32]. In this regard, the relationship between GRF and EQ highlights the impact
of financial resource allocation on GDP and environmental outcomes [33,34], and GRF is
essential for promoting EQ through investments in green eco-friendly technologies, clean
business practices, and enabling the transition to a sustainable economy [35,36]. Therefore,
understanding these connections is not only crucial for businesses aiming to align financial
choices with environmental goals but also for policymakers aiming for a sustainable future.
Moreover, considering that the principal impetus for GRF is environmental preservation, it
is unsurprising that there is much focus on analyzing the correlations between GRF and
environmental quality. It is evidenced from the literature that GRF significantly reduces
CO2 and ELF [37,38]. It additionally fosters sustainable practices and diminishes ELF of
enterprises [39]. Moreover, GRF fosters the advancement of green energy sources while
promoting GDP by generating new possibilities and job creation in areas such as green
energy [32,40]. It is worth noting that it can additionally mitigate the escalating threats
associated with environmental degradation and the exhaustion of natural resources [41].
From the literature point of view, research has underscored the substantial beneficial effect
of GRF on environmental quality [42,43]. Another study by [44] underscores that GRF,
as an emerging funding paradigm, must be considered in the formulation and execution
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of environmental protection legislation. Hence, it is evidenced from the literature that
GRF can facilitate the advancement of clean technologies on the one hand, while on
the other hand augmenting the proportion of clean energy sources in the overall energy
produced. It may put obligations on the current financial system and finances via market
mechanisms for environmental preservation [45]. GRF, which facilitates environmentally
sustainable industrial technologies, incorporates an ecological perspective into the financing
of economic growth. GRF fosters the advancement of sustainable infrastructure and
industries through investments in eco-friendly initiatives, including renewable energy,
sustainable agriculture, and environmentally conscious construction [46]. Conversely,
ref. [47] proposes that green financing and green development are not yet fully realized
but can significantly diminish CO2 upon attaining a limit level. Green investment and
financing exert a detrimental effect on CO2, as substantiated by empirical research. Green
financing diminishes conventional fossil fuel usage, resulting in lower emissions and
promoting greater adoption of renewable energy. It enhances and fortifies industrial
frameworks, resulting in sustainable development. The paper recommends that G20
governments and the private sector advance GRF to facilitate a green transformation within
the G20 region, aligning with the SDGs by 2030. GRF mitigates the adverse impacts of the
environment on sustainable global growth. Consequently, the study presents the following
alternative hypothesis:

H1. Green finance improves environmental quality.

2.2. Technological Innovation and Environmental Quality

The objective of TCN signifies a focused endeavor to attain sustainable development,
yielding diverse advantages across social, economic, and environmental domains. This
endeavor focuses on ensuring energy and resource security while also reducing environ-
mental degradation, as discussed by [48,49]. TCN is fundamentally linked to achieving
GHG reduction targets, improving energy efficiency, and protecting environmental in-
tegrity. The proliferation of TCN significantly contributes to the energy sector, which is
essential for economic development. In this context, ref. [50] conducted a comprehensive
study on the significant effects of TCN on ES, utilizing empirical data from 1996 to 2012,
which includes developing nations. TCN and EQ are interconnected, significantly con-
tributing to our commitment to environmental protection. TCN encompasses the creation
and application of sustainable technologies. EQ emphasizes the need to balance carbon
removal and emissions from the atmosphere. The connection between these two concepts
is particularly clear in developed countries [43]. Studies have investigated the impact of
TCN on CO2 in nations including China, India, and Turkey. The findings underscore its
significant contribution to the advancement of EQ [39]. Renewable energy and GRF are
essential components in the quest for carbon neutrality [51,52]. Current literature suggests
that increased TCN has the potential to transform the energy sector and stimulate economic
growth. A recent study by [53] investigated the influence of TCN on ES, utilizing data from
1996 to 2012, specifically in developing economies. The TCN limit effect is assessed for
each individual by taking into account their specific income circumstances. Furthermore,
TCN exerts a negligible impact on CO2 in low-income countries [54]. TCN effectively
addresses the critical issue of CO2 and their environmental impact, concurrently fostering
economic development. Another study by [55] conducts a detailed analysis of the specific
effects of TCN on CO2 emissions. The study shows that TCN works best in countries with
strong economic foundations. Furthermore, there is a lack of data to support the claim
that TCN significantly reduces CO2 in developing countries. This research highlights the
robustness of TCN, proposing its adoption in developing countries to boost economic
growth and improve quality of life. Another recent study by [56] provided new insights
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into the role of TCN in mitigating GHG emissions, utilizing data from 2000 to 2018. This
research employed the ARDL method to determine the relationship among the variables.
The outcomes were significantly affected by the country and its economic conditions, with
the specified variables exhibiting both unidirectional and bidirectional causal relationships.
Another study by [57] conducted an analysis to examine the relationship between GRF
and TCN in the context of ES, concluding with favorable results. The development of
GRF and TCN promotes EQ through a reduction in CO2 in the environment. Another
study by [58] identified that TCN enhances energy systems and facilitates sustainable
development through a reduction in CO2. Furthermore, a study by [59] indicated that
these innovations have significantly and positively impacted CO2. The advancement and
dissemination of TCN can promote EQ by directly decreasing net emissions, as asserted
by [60]. Their study demonstrated that TCN can indirectly affect CO2 efficiency through its
influence on GDP. Additionally, ref. [61] found that TCN plays a critical role in reducing
CO2. Moreover, Zeng [62] found that TCN focuses on green protection, easing energy
and environmental pressures. Paramati, Mo [63] noted that TCN seeks to reduce carbon
emissions through substantial financial investment in advanced technologies. TCN does
not impede ES, which seeks to attain zero net carbon emissions. Conversely, it contributes
to a reduction in CO2 and promotes ES. A study by [64] conducts an analysis of TCN levels
across various provinces in China, examining panel data from 2001 to 2019. The study
findings indicate an increase in TCN levels, although this is coupled with relatively low
innovation effectiveness in the Western provinces of China. The spatial dimension is crucial,
demonstrating significant effects in underdeveloped regions, where TCN is associated with
notable reductions in CO2 [65]. This highlights the interdependent relationship between
TCN and ES, indicating the potential for a balanced integration of TCN and environmental
conservation. A hypothesis has been formulated for empirical evaluation based on the
existing literature.

H2. Technological innovation fosters environmental quality.

2.3. Higher Education and Environmental Quality

EDU plays a vital role in enhancing EQ through the cultivation of environmental
awareness, the promotion of sustainable practices, and the provision of skills necessary to
tackle environmental challenges [66]. It fosters innovation, promotes low-carbon lifestyles,
and advocates for policy measures, establishing itself as a fundamental component of ES. A
study by [67] asserts that education is essential for nations to succeed in combating climate
change. EDU improves energy efficiency [68]. Numerous studies have utilized EDU as
a proxy for educational attainment, as the EDU index comprises various elements, with
EDU serving as a key component [69]. A study was conducted by several researchers to
examine the correlation among EDU, carbon emissions, and energy consumption. Various
methodologies were employed, yielding conflicting results. Furthermore, [70] examined
the relationship between EDU and energy consumption in OECD countries, finding a
negative correlation between EDU and energy usage. The author posits that EDU, regarded
as a crucial component, facilitates the achievement of energy efficiency. Another study
by [71] collected data in India to analyze the impact of EDU on SO2 and NO2 through the
panel technique. Upon analysis, their findings show that EDU is negatively correlated with
SO2 and positively correlated with NO2. Another study by [72] examined the impact of
EDU on methane and CO2 across 181 global economies, using panel methods for analysis.
Their study outcomes show that EDU exerts a minimal effect on CO2, while significantly
contributing to a rise in methane emissions. On the other hand, ref. [73] investigated the
impact of FDI and EDU on pollution emissions in Latin American countries. Their study
findings indicated an inverse correlation between education and pollution in high-income
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countries, while a positive correlation was observed in low-income countries. Another
study by [74] investigated the connection between education and sustainability in Aus-
tralia, employing the EKC framework. Their analysis using ARDL clarified the curvilinear
relationship between EDU and emissions, defined by an inverted U shape. They further
explained that the U-shaped pattern indicates that EDU is essential for Australia’s emission
reduction efforts once a specific threshold is attained. However, ref. [75] employed various
indicators to evaluate EDU levels in Pakistan and analyzed the correlation with CO2 using
the ARDL method. According to their study findings, a negative correlation was observed
between CO2 and EDU level. Meanwhile, ref. [76] employed a panel technique and identi-
fied consistent results for the OECD nations. They further explained the importance of EDU
in advancing ES. Additionally, ref. [77] conducted research using data from Asian countries
and found that EDU may not positively influence sustainability in this context. In summary,
EDU plays a crucial role in advancing EQ through the cultivation of environmental aware-
ness, the enhancement of innovative capacities, and the promotion of sustainable practices.
EDU plays a vital role in addressing ecological challenges by cultivating environmentally
conscious individuals and promoting research on green technologies [78]. This discussion
leads us to propose the following hypothesis:

H3. Higher education positively impacts environmental quality.

2.4. Globalization and Environmental Quality

GLI significantly impacts EQ by enabling the international transfer of knowledge,
technologies, and resources necessary for tackling global environmental issues. It facil-
itates international collaboration, allowing for the implementation of optimal practices
in sustainable development and green innovations. GLI can facilitate economic growth
and technological progress; however, its effects on EQ are contingent upon policies that
emphasize eco-friendly practices, minimize carbon emissions, and promote equitable re-
source distribution across nations [79]. Ecological goals are hard to achieve alone. Global
collaboration, sharing technology, knowledge, and funds, is key to improving environ-
mental governance. GLI significantly impacts the cooperation among nations, leading
to two predominant perspectives regarding the relationship between GLI and ES. One
perspective posits that GLI promotes EDU and TCN, providing chances for industrial
promotion, structural improvements, optimized resource use, and pollution management.
Nan, Huang [80] highlighted the beneficial impact of GLI on energy structure modifications
and the advancement of sustainable development in OECD countries. They advocated for
cooperative international initiatives to tackle environmental degradation. Suki, Sharif [81]
examined the impact of GLI on EQ in Malaysia, highlighting its negative influence on
environmental degradation and its role in promoting sustainable development goals. Zafar,
Saud [82] emphasized the advantages of GLI in promoting the dissemination of green
technology, the development of GRF, and the enhancement of foreign investment within
OECD countries, resulting in effective control of CO2 emissions. An alternative perspective
highlights that the inequalities inherent in GLI between developed and developing nations
facilitate economic and military supremacy, resulting in environmental degradation. Xia
and Apergis [83] examined 67 economies, demonstrating that GLI exacerbates CO2, while
increased economic development and coal resources contribute to higher emission levels.
Shahbaz and Mallick [84] examined the effects of GLI on environmental quality in India,
concluding that GLI generally worsens environmental problems. Wu and Guo [85] found
that developed nations shift CO2 to developing countries like China and India through
supply chain trade. While research links technology and renewable energy, differing con-
clusions call for further analysis. In conclusion, GLI has a dual impact on ES, presenting
opportunities for green innovation and collaboration, while simultaneously contribut-
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ing to resource depletion and increased carbon emissions. Given its capacity to worsen
environmental degradation, we propose the following hypothesis:

H4. Globalization negatively impacts environmental quality.

2.5. Entrepreneurship and Environmental Quality

Prior research on environmental quality substantiates that ENT is a viable approach
to attaining ES. York and Venkataraman [86] contend that entrepreneurs can address en-
vironmental issues by assisting existing institutions in reaching their objectives while
simultaneously establishing new services and institutions to undertake actions that cur-
rent entities are unable or unwilling to perform. Moreover, the emphasis on social and
environmental concerns has prompted extensive research on the role of ENT in sustain-
ability [87]. This nascent domain has presented overlapping terminology, such as social,
environmental, and sustainable ENT, frequently employed interchangeably despite dis-
puted differences [88,89]. The distinction between social and environmental ENT is unclear;
however, research indicates their beneficial effects on social systems, including enhanced
quality of life and public health via pollution mitigation [90]. Integrative frameworks,
such as those proposed by Shepherd and Patzelt [91], increasingly connect social and
environmental factors. In accordance with Johnson [92], we integrate various methodolo-
gies into a cohesive framework. In a comparable scenario, ref. [93] documents that ENT
can mitigate environmental and forest deterioration, hence maintaining natural capital
through enhancements in freshwater supplies and agricultural practices. A study by [94]
contends that ecotourism entrepreneurs must balance competing aims concerning business
operations, lifestyle ambitions, and, crucially, sustainable development methods. Another
study by [95] further affirms that businesses recognize the presence of a potential mar-
ket for “green” products and services. Nonetheless, empirical data indicate that ENT
may potentially adversely impact ES. A study by [96] affirms that ENT can safeguard the
ecosystem, enhance agricultural practices, mitigate environmental deforestation, augment
freshwater supplies and biodiversity, and elevate environmental quality. They contend that
opportunity-driven ENT correlates positively with the environmental quality of sustainable
development. Entrepreneurial opportunities may serve as a remedy for environmental
degradation and climate change. However, ref. [97] finds that ENT significantly elevates
national CO2 emissions. It also demonstrates that there is neither a linear nor an inverted
U-shaped correlation between ENT and CO2. Similarly, ref. [98] investigates the combined
impact of education and four distinct types of ENTs on attaining EQ in 32 developing
nations. Their findings indicate that these four categories of ENT exacerbate environmental
deterioration, with informal ENT and necessity ENT exerting a greater influence on air
pollution. They also illustrated that education mitigates the adverse impacts of all types of
ENTs on environmental quality. Based on the reviewed literature, our study proposes the
following hypothesis:

H5. Entrepreneurship enhances environmental quality.

Moreover, to build a strong foundation for this study, we draw on three key the-
ories: Sustainability Transition Theory (STT), Innovation Diffusion Theory (IDT), and
the pollution haven hypothesis (PHH). These frameworks provide critical insights into
how technological innovation (TCN), higher education (EDU), green finance (GRF), glob-
alization (GLI), and entrepreneurship (ENT) shape environmental quality (EQ) in G20
economies. Sustainability Transition Theory (STT) explains how societies evolve from
unsustainable practices toward greener alternatives by integrating technological progress,
financial mechanisms, governance structures, and behavioral shifts [99]. This theory is cru-
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cial in understanding the role of technological innovation (TCN) and green finance (GRF)
in promoting sustainability [100,101]. TCN contributes by enhancing energy efficiency,
reducing emissions, and developing eco-friendly solutions, aligning with the fundamental
idea of STT that innovation drives sustainable transitions [102]. Meanwhile, GRF plays a
key role by providing the necessary funding for green projects, supporting businesses in
adopting low-carbon technologies, and encouraging investments in renewable energy [44].
In the case of G20 economies, STT underscores how these two factors work together to
accelerate sustainability efforts, ensuring that financial resources are allocated to green
innovation and environmental protection [103,104].

Innovation Diffusion Theory (IDT) complements this perspective by explaining how
new technologies and sustainable practices spread across societies, influenced by educa-
tion (EDU), entrepreneurship (ENT), and globalization (GLI). According to IDT, education
(EDU) is a key driver of innovation adoption as it equips individuals and industries with the
knowledge and skills required to implement green technologies effectively. Entrepreneurs
(ENT), as early adopters of new technologies, further facilitate this diffusion by developing
and commercializing sustainable business models [104]. Additionally, globalization (GLI)
plays a significant role in the dissemination of green technology and best environmental
practices across borders [105]. Through trade, multinational cooperation, and foreign
direct investment, G20 economies can adopt cleaner production methods and enhance
environmental policies. However, while IDT suggests that globalization accelerates sustain-
ability transitions, the pollution haven hypothesis (PHH) presents a contrasting view [47].
PHH argues that globalization (GLI) can lead to environmental degradation by allowing
pollution-intensive industries to relocate to countries with weaker environmental regula-
tions [106]. This suggests that while GLI has the potential to spread green technologies,
it may also contribute to increasing the ecological footprint (ELF) in G20 economies if
environmental policies are not stringent enough. This theory helps in understanding why
GLI may have a dual effect on environmental quality—either fostering sustainability or
exacerbating pollution. Thus, this study seeks to examine whether globalization ultimately
supports environmental quality or increases ecological strain in G20 economies.

The integration of these theories provides a comprehensive framework for analyzing
the interplay between technological advancement, financial investment, human capital,
globalization, and entrepreneurship in shaping environmental outcomes. STT and IDT em-
phasize the positive role of innovation, education, finance, and entrepreneurship in driving
sustainability, while PHH cautions against the potential downsides of globalization [107].
This theoretical foundation enables a nuanced understanding of how each variable con-
tributes to environmental quality and helps inform policies that balance economic growth
with ecological preservation in G20 economies.

2.6. Literature Gap

Despite growing attention to environmental quality (EQ), significant research gaps
persist. Most studies examine factors like technological advancements (TCN), entrepreneur-
ship (ENT), globalization (GLI), education (EDU), and green finance (GRF) in isolation,
overlooking their collective influence on sustainability. Additionally, limited research
specifically targets G20 economies, despite their critical role in global sustainability efforts.
While many studies rely solely on carbon emissions as an environmental indicator, this
research adopts a broader perspective by incorporating the ecological footprint (ELF),
offering a more holistic assessment of environmental impact. Furthermore, existing studies
often overlook key methodological considerations. To address this, we employ CS-ARDL
to account for cross-sectional dependence (CSD) and heterogeneity, while GMM ensures
robustness and mitigates endogeneity concerns. Unlike traditional approaches that rely
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on Granger causality, we utilize the Dumitrescu–Hurlin causality test to capture both
bidirectional and unidirectional relationships among variables. Additionally, model fit is
validated through AIC/BIC and slope homogeneity tests, methodologies often disregarded
in similar studies. By integrating these advanced econometric techniques, this study fills a
crucial gap in the literature, offering novel insights into the interplay of key drivers shaping
environmental outcomes in G20 economies.

3. Methodology
The current work examines the complex relationships between TCN, EDU, GRF, GLI,

ENT, and EQ in G20 countries applying panel data during the period 2000–2020. The
choice of this time frame is driven by its alignment with significant global milestones, such
as the Millennium Development Goals (MDGs) and the transition to the SDGs, which
began in 2015. These two decades witnessed rapid advancements in technology, a surge
in global trade and investments, and increased global awareness about the need for sus-
tainable development practices [108]. Therefore, analyzing this period allows us to capture
the evolution of very important factors influencing EQ amid substantial economic and
social transformations. One reason as to why studies choose G20 is that the G20 group
is particularly relevant, as this group represents the world’s largest nations, representing
over 80% of global GDP, 75% of international trade, and a significant share of global GHG
emissions [109]. Hence, these countries play a very important role in shaping global sus-
tainability outcomes due to their industrial activities, technological advancements, and
policy frameworks. To investigate the relationships among the study variables, the study
uses data from WDI, GFN, EIA, and KOFF (GLI and EIA). To investigate the relationships
among the study variables, data were sourced from several reputable databases. Specifi-
cally, ELF data were obtained from the Global Footprint Network (GFN). TCN is measured
through patent applications (both resident and nonresident), sourced from the World De-
velopment Indicators (WDI). Data on EDU, represented by government expenditure on
education as a percentage of GDP, was also retrieved from WDI. GRF is captured through
research and development expenditure as a percentage of GDP, sourced from WDI. The
GLI index, reflecting total globalization, was taken from the KOF Globalization Index
(KOFF). Finally, ENT is represented by a Principal Component Analysis (PCA) index using
data on nuclear and renewable energy production, sourced from the Energy Information
Administration (EIA). The study variables, their units, and sources are summarized in
Table 1. These sources provide robust and reliable data, enabling a thorough investigation
of the relationships among the study variables.

Table 1. Variables and sources.

Variables Unit Short Form Source

Ecological Footprint GHA (Global Hectares) per capita ELF GFN
Technological Innovation Patent applications(resident nonresident) TCN WDI

Higher Education Government expenditure on education, total (% of GDP) EDU WDI
Green Finance Research and development expenditure (% of GDP) GRF WDI
Globalization Total globalization GLI KOFF Globalization

Entrepreneurship PCA index using nuclear and renewable production ENT EIA

While green innovation specifically accounts for environmental patents, this study
employs technological innovation as a more comprehensive measure of overall techno-
logical progress. This choice is based on several key considerations. On the other hand,
many non-environmental patents indirectly improve the environment by enhancing en-
ergy efficiency and advancing industrial processes. In addition, technological innovation
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drives changes in production and consumption, leading to the adoption of energy-efficient
technologies and smart industrial systems. Furthermore, total patent counts are widely
available and standardized across countries. In contrast, green patents often face classifi-
cation inconsistencies and data limitations. Many technological advancements, such as
AI-driven energy systems, automation, and sustainable materials, support environmental
goals even if they are not officially classified as green patents. Considering these factors,
this study employs technological innovation as a strong indicator of technological progress
and its role in improving environmental quality.

This study looks at how different factors—like TCN, EDU, GRF, GLI, and ENT—affect
EQ, using the ELF as the main indicator. Unlike just measuring CO2 emissions, ELF gives a
broader picture by considering land use, resource consumption, and overall environmental
impact. In order to analyze these relationships, the study applies the CS-ARDL model,
which helps capture both short-term changes and long-term trends while also accounting
for CSD in panel data. Since reliability is important, the study also uses the GMM method
to check the robustness of the results. Additionally, the Dumitrescu–Hurlin causality test
is conducted to see how these factors influence each other over time. Hence, the study
offers deeper insight into what drives environmental quality in G20 countries. The model
function of the study is shown in Equation (1):

ELF = f (TCN, EDU, GRF, GLI, ENT) (1)

The empirical model is expressed as follows:

ELFit = β0 + β1TCNit + β2EDUit + β3GRFit + β4GLIit + β5ENTit + ϵit (2)

In Equation (2), the dependent variable (ELF) represents the ecological footprint for
G20 countries. The independent variables include TCN, EDU, GRF, GLI, and ENT, all
measured across the G20 nations. In Equation (2), the term β0 represents the baseline ELF
when all independent variables are zero, whereas the coefficients (β1, β2, β3, β4, and β5)
indicate how each independent variable affects ELF in G20. Additionally, the error term
(ϵit) accounts for any random variations that might influence ELF but are not explicitly
included in the model. For CS-ARDL, Equation (3) examines both short-term and long-term
effects. It captures how these key factors shape ELF over time. Furthermore, the lagged
component reflects past influences, while the ECT measures how quickly the system returns
to equilibrium, ensuring stability in the model.

∆ELFit = αi + λ(ELFi,t−1 − β1TCNi,t−1 − β2EDUi,t−1 − β3GRFi,t−1 − β4GLIi,t−1 − β5ENTi,t−1)+

∑
p
j=1 ϕj∆ELFi,t−j + νit

(3)

Moreover, in Equation (3), symbol ∆ represents the first difference operator. This
helps in measuring how variables change over time, whereas the symbol λ indicates how
fast the system returns to balance after a disturbance. This shows the speed at which the
system adjusts to long-term stability. Furthermore, the term αi accounts for country-specific
effects. This can capture unique characteristics of each G20 nation that stay constant over
time. However, the coefficients ϕj reflect the influence of past changes in independent
variables. This also helps us to understand how these factors interact over time. Lastly,
νit represents the error term, which includes any missing factors that might still impact
the ELF. Hence, by structuring the model this way, the current study can examine both
short-term variations and long-term stability in the relationship between key factors and
ELF across G20 countries.

This study uses CS-ARDL model to explore both short- and long-term links between
TCN, EDU, GRF, GLI, and ENT in advancing EQ across G20 nations. This approach is
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especially valuable as it captures both immediate impacts and long-term effects while
considering the economic interconnections among countries. Although traditional panel
estimation methods, such as fixed effects, random effects, and PMG-ARDL, have been
commonly used in past research, they also have certain limitations [110–112]. Moreover,
many of these methods ignore CSD, leading to biased and inconsistent estimates. They also
assume that all countries share the same coefficient values, overlooking country-specific
differences. Furthermore, some approaches struggle to distinguish between short- and
long-term impacts, making it difficult to understand dynamic relationships.

Therefore, in order to overcome these challenges, this work adopts CS-ARDL, which
effectively handles CSD, allows slope heterogeneity, and clearly differentiates short- and
long-term effects. Robustness is further ensured through GMM, which accounts for unob-
served common factors and also addresses the endogeneity issues of data [113]. Therefore,
the CS-ARDL model is preferred over traditional ARDL and PMG-ARDL because it consid-
ers CSD and heterogeneous slopes, making it more suitable for complex environmental
interactions in G20 economies [114]. However, one limitation is its inability to directly
address endogeneity, which can bias if variables influence each other [115,116]. For this
purpose, the study applies the GMM technique, which corrects endogeneity by using in-
ternal instruments by ensuring more reliable estimations. Hence, by combining CS-ARDL
with GMM, this study enhances the accuracy and depth of its findings. As a result, the
study provides a clearer picture of how TCN, EDU, GRF, GLI, and ENT influence ELF in
G20 nations.

However, before applying the CS-ARDL model, the study conducts essential diagnos-
tic tests to ensure data reliability and model stability. These include the VIF test to detect
multicollinearity, the CSD test to check for cross-sectional dependence [117], the SL test
to assess slope homogeneity, and the CIPS test to examine stationarity. Furthermore, the
Westerlund Co-integration Test (WCT) is used to confirm long-term relationships among
the variables. These diagnostic tests are considered important tools in the case of panel data
analysis. These tests also help to identify the potential issues that could misrepresent the
results. They further ensure that the model’s core assumptions remain valid. Finally, the
study interprets the results, explores policy implications, and provides recommendations.
A structured overview of the research process is presented in Figure 1, outlining each step
of the analysis.
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The study proceeds with checking the multicollinearity using the VIF test. Multi-
collinearity occurs when independent variables are too closely related. If multicollinearity
is high, it can inflate the variance of regression coefficients which can make the results less
reliable [118]. Therefore, to measure this, the VIF value is calculated using Equation (4):
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VIF =
1

1 − R2 (4)

From Equation (4), the term R2 represents the coefficient of determination. It is worth
noting that a VIF greater than 10 suggests high multicollinearity, indicating the need for
variable selection or transformation.

The CSD test is essential in panel data models as it detects whether observations across
different cross-sectional units are correlated. If cross-sectional dependence is ignored, it
can lead to inconsistent and biased parameter estimates [119]. The CSD test, such as the
Pesaran CD test, tests correlation between error terms across the cross-sectional units. The
null hypothesis is that there is no CSD. A significant result suggests the presence of cross-
sectional dependence, which must be addressed by using models like CS-ARDL that can
account for it [120,121]. Furthermore, the SL test checks whether the relationship between
the dependent and independent variables is homogeneous across all cross-sectional units.
On the other hand, it examines if the coefficients of the independent variables are the same
across all units in the panel. The null hypothesis assumes slope homogeneity. If the null
hypothesis is rejected, the use of the CS-ARDL model is recommended, which allows for
heterogeneity [122].

Moreover, in order to analyze the stationarity and long-term relationships in panel
data, the study uses the CIPS test and the WCT. These tests help confirm whether the data
are stable over time and whether the variables move together in the long run [123,124].
It is worth noting that the CIPS test is more useful when dealing with mixed stationarity.
This situation of mixed stationarity along with CSD is common in panel data; therefore,
the use of CIPS is recommended in such cases. Unlike first-generation unit root tests, CIPS
considers these dependencies, which makes it more effective in panel data analysis [125].
If the test outcomes show that a series is stationary, it shows that the data are suitable for
studying long-term relationships. Equation (5) provides a way to check stationarity by
averaging test statistics across different units while accounting for both time and CSD.

CIPS =
1
N ∑N

i=1 ti(N, T) (5)

The study also applies to the WCT to check if there is a long-term relationship between
the variables. Even if individual data series are not stable on their own, this test helps
determine whether they still move together over time [126]. The WCT is especially useful
for panel data because it accounts for cross-sectional dependence (CSD) and differences
between countries. If the test rejects the idea that there is no cointegration, it means a
stable long-term relationship exists between the variables [127]. This is important for
understanding how factors like green finance (GRF), technological innovation (TCN), and
ecological footprint (ELF) are connected in G20 economies. The standard WCT method
includes four key equations, labeled (6)–(9).

Gα =
1
n ∑N

i=1
α′i

SE
(
α′i
) (6)

Gt =
1
n ∑N

i=1
Tα′i

α′i(1)
(7)

Pt =

.
α

SE
( .
α
) (8)

Pα = Tα′ (9)
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Once the long- and short-run analysis is completed, the current work investigates the
causality between the series. The study uses the [128] causality test to examine the causal
relationships among the study variables. This method is preferred because it is specifically
designed for panel data, allowing for heterogeneous causality across cross-sectional units.
Unlike traditional Granger causality tests, the Dumitrescu–Hurlin test does not require
homogeneity in causal relationships, making it particularly suitable for examining complex
interactions in diverse economies, such as the G20 [129]. Additionally, it provides robust
results even in the presence of CSD and varying time periods across the panel. Equation (10)
represents the causal relationship as proposed by Dumitrescu and Hurlin.

Yit = αi + ∑ K
k=1 γikYi,t−k + ∑ K

k=1 βikXi,t−k + εit (10)

The associated variables are denoted as Yi,t and Xi,t. Assuming time-invariance, the
coefficients (γik and βik) vary between individual observations. The lag order is denoted by
the sign K. This method facilitates comprehensive analysis while adapting to each country’s
developmental stage to produce highly beneficial results.

4. Results
This section presents the findings of the study analysis in a systematic way. The section

begins with a descriptive assessment of the study variables by providing an overview of
their characteristics. This is followed by an evaluation of multi-collinearity using the VIF
test. After that, the outcomes of the CSD and SL tests are discussed, along with the results of
the CIPS unit root test. After this section, the study further includes the findings from WCT,
highlighting the long-term relationships among variables. Furthermore, the core results
from the CS-ARDL model are presented next, supported by robustness checks through
GMM regression. Finally, the study presents the outcomes of the Dumitrescu–Hurlin
causality test by providing insights into causal relationships.

The outcomes of descriptive statistics are shown in Table 2, which highlights the
significant variations among the study variables for G20. The first variable, ELF, has a
mean value of 4.31, ranging from 0.09 to 10.93, reflecting notable environmental disparities.
The variable EDU shows moderate progress with a mean of 4.44 and a standard deviation
of 1.04, while TCN averages 10.61 with moderate variability. On the other hand, ENT
exhibits the highest variation, with a mean of 16.49 and a standard deviation of 10.45,
indicating uneven entrepreneurial activity for the G20 region. Furthermore, the variable
GRF has a low mean of 1.48, suggesting limited adoption, whereas GLI stands out with
a high average of 71.71, showcasing strong integration. These statistics show that there
exist diverse socio-economic and environmental contexts within the G20. As a result, these
findings provide a solid foundation for deeper analysis to identify key trends, relationships,
and policy implications.

Table 2. Descriptive statistics.

ELF EDU ENT GRF GLI TCN

Mean 4.315311 4.437334 16.48561 1.481378 71.71332 10.60980
Median 4.306526 4.519110 14.25800 1.172005 69.89201 10.40500

Maximum 10.92681 7.718870 49.66000 4.795710 89.45876 25.23000
Minimum 0.087267 1.264700 0.750000 0.035570 46.40732 1.450000
Std. Dev 2.355145 1.042660 10.45124 1.029476 10.07783 3.637254

Moreover, while considering the importance of ELF in G20, we included Figure 2,
which shows ELF trends from 2000 to 2020, revealing notable disparities between devel-
oped and emerging economies. The outcomes of Figure 2 show that developed nations
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such as the USA, Canada, and the UK show consistently higher ELF due to industrialization
and high consumption levels, though their trends show slight stabilization or decline as
well, likely reflecting the impact of environmental policies and TCN. In contrast, emerg-
ing economies like China, India, and Brazil display rising footprints, driven by rapid
urbanization, industrial growth, and increased resource demand, highlighting mounting
environmental challenges. Furthermore, countries such as Saudi Arabia and South Africa
show fluctuations in their ELF trends, likely influenced by external factors. As a result,
these trends emphasize the urgency for G20 nations to adopt sustainable practices, en-
hance green technology adoption, and strengthen collaborative efforts to achieve global
environmental objectives.

Sustainability 2025, 17, x FOR PEER REVIEW 15 of 31 
 

developed and emerging economies. The outcomes of Figure 2 show that developed na-
tions such as the USA, Canada, and the UK show consistently higher ELF due to industri-
alization and high consumption levels, though their trends show slight stabilization or 
decline as well, likely reflecting the impact of environmental policies and TCN. In con-
trast, emerging economies like China, India, and Brazil display rising footprints, driven 
by rapid urbanization, industrial growth, and increased resource demand, highlighting 
mounting environmental challenges. Furthermore, countries such as Saudi Arabia and 
South Africa show fluctuations in their ELF trends, likely influenced by external factors. 
As a result, these trends emphasize the urgency for G20 nations to adopt sustainable prac-
tices, enhance green technology adoption, and strengthen collaborative efforts to achieve 
global environmental objectives. 

 

Figure 2. Ecological footprint trends in G20. 

Table 3 presents the results of the VIF test. The VIF values for all variables are below 
10, indicating the study is free from multicollinearity. Among the variables, GLI has the 
highest VIF at 2.47, suggesting a moderate level of correlation with other variables, but 
still within acceptable limits. ENT and GRF both have a VIF of 1.69, reflecting relatively 
low multicollinearity. EDU and TCN show the lowest VIF values of 1.36 and 1.21, respec-
tively, indicating minimal correlation with other variables. The results confirm variable 
independence, ensuring reliable regression estimates. 

Table 3. VIF test. 

Variables  VIF 1/VIF 
GLI 2.47 0.405369 
ENT 1.69 0.590566 
GRF 1.69 0.592783 
EDU 1.36 0.734994 
TCN 1.21 0.825578 

0.000

2.000

4.000

6.000

8.000

10.000

12.000

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Ecological Footprint Trends for G20

Argentina Brazil Canada China France Germany

India Indonesia Italy Japan Mexico Russia

Saudia South Africa South Korea Turkey UK USA

Figure 2. Ecological footprint trends in G20.

Table 3 presents the results of the VIF test. The VIF values for all variables are be-
low 10, indicating the study is free from multicollinearity. Among the variables, GLI has
the highest VIF at 2.47, suggesting a moderate level of correlation with other variables, but
still within acceptable limits. ENT and GRF both have a VIF of 1.69, reflecting relatively
low multicollinearity. EDU and TCN show the lowest VIF values of 1.36 and 1.21, respec-
tively, indicating minimal correlation with other variables. The results confirm variable
independence, ensuring reliable regression estimates.

Table 3. VIF test.

Variables VIF 1/VIF

GLI 2.47 0.405369
ENT 1.69 0.590566
GRF 1.69 0.592783
EDU 1.36 0.734994
TCN 1.21 0.825578
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Table 4 presents the results of the CSD test, which examines whether the variables
exhibit interdependence across the G20 countries. The test statistics for all variables are
significant at the 1% level (p < 0.01), as indicated by the *** notation, confirming the
presence of strong CSD. The ELF has a test statistic of 3.10 (p = 0.002), suggesting moderate
dependence among countries. EDU, ENT, GRF, GLI, and TCN exhibit much higher test
statistics, particularly GLI (49.79) and TCN (25.48), indicating substantial interdependence
in these variables across countries. These results highlight that shared global trends or
policies likely influence these variables, making it essential to account for cross-sectional
dependence in further analyses to avoid biased estimates and ensure robust conclusions.

Table 4. CSD test.

Parameters Statistics Prob.

ELF 3.10 *** 0.002
EDU 10.37 *** 0.000
ENT 4.13 *** 0.000
GRF 10.60 *** 0.000
GLI 49.79 *** 0.000
TCN 25.48 *** 0.000

Note: *** p < 1%.

Table 5 presents the results of the slope homogeneity test, which assesses whether the
relationships between variables are consistent across the G20 countries. Both the Delta and
Adjusted Delta statistics are highly significant at the 1% level (p < 0.01), as indicated by the
*** notation. The significant results suggest that slope heterogeneity exists, meaning that
the effects of the independent variables on the dependent variables vary across countries.
This highlights the importance of using econometric models, such as CS-ARDL, which
account for heterogeneity to ensure more accurate and country-specific interpretations of
the results.

Table 5. Slope test.

Test Value Prob.

Delta 9.476 *** 0.000
Adj. Delta 11.606 *** 0.000

Note: *** p < 1%.

Table 6 presents the results of the CIPS unit root test, which checks the stationarity
of the variables across the G20 countries. The test provides results for both I(0) and I(1)
statistics for each variable. For EDU, TCN, and GLI, the I(0) statistics are significant at the
1% level, indicating that these variables are stationary at this level. However, for the other
variables, such as ELF, ENT, and GRF, t I(0) statistics are not significant, suggesting they are
non-stationary at this level. All variables become stationary at I(1), with highly significant
I(1) statistics, such as ELF = −4.417, EDU = −4.258, and TCN = −5.031, which are well
below the critical value of −2.42 at the 1% level. These results indicate that most variables
are integrated at I(1), while EDU, TCN, and GLI are stationary at level I(0). This outcome
helps with selecting appropriate econometric models, such as the CS-ARDL, which can
handle mixed stationarity and avoid spurious relationships.
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Table 6. Unit root test.

Variables
CIPS Test

I(0) I(i)

ELF −1.314 −4.417 ***
EDU −2.520 *** −4.258 ***
ENT −1.978 −5.117 ***
GRF −1.923 −4.047 ***
GLI −2.478 *** −4.051 ***
TCN −3.203 *** −5.031 ***

CV = −2.12 (10%) CV = −2.21 (5%) CV = −2.42 (1%)
Note: *** p < 1% CV = critical value.

Furthermore, Table 7 presents the outcomes of WCT, which examines the existence of
long-run relationships between the study variables. This test involves four statistics: Gt, Ga,
Pt, and Pa. According to the outcomes, Gt and Pt statistics are significant at the 1% level,
with values of −3.450 and −15.427, respectively, and p-values of 0.000. The results confirm
that there is a long-term relationship among the study variables. The significant values of
Gt and Pt suggest that these variables are linked in a stable way over time. However, the
other two statistics, Ga and Pa, are not significant, with p-values of 1.000 and 0.851, meaning
they do not provide evidence of cointegration. Despite this, the overall significance of
Gt and Pt supports the presence of long-run relationships, which is important for further
analysis. This allows models like CS-ARDL to explore how these variables interact and
influence each other over time.

Table 7. Westerlund Co-integration Test.

Statistics Value Z-Value p-Value

Gt −3.450 *** −3.580 0.000
Ga −8.347 3.411 1.000
Pt −15.427 *** −4.958 0.000
Pa −9.271 1.041 0.851

Note: *** p < 1%.

To further validate the model fit, we employ the Akaike Information Criterion (AIC)
and Bayesian Information Criterion (BIC), which help compare the relative performance of
the models. As shown in Table 8, the CS-ARDL model exhibits lower AIC (−120.53) and
BIC (−115.21) values compared to the GMM model (AIC = −105.87, BIC = −100.45). The
lower values indicate that CS-ARDL provides a better fit for the data while minimizing
information loss. This further supports the selection of CS-ARDL as the primary estimation
technique, while GMM remains useful for robustness checks and addressing potential
endogeneity concerns.

Table 8. AIC/BIC test.

Model Specification AIC BIC

CS-ARDL −120.53 −115.21
GMM −105.87 −100.45

Once the diagnostic tests are performed, the next step is to apply the CS-ARDL model,
which is suggested by the pretests conducted in the current study. The outcomes of this
model are presented in Table 9, which includes the long-run, short-run, and Error Correction
Term (ECT) estimates. The ECT in Table 9 has a value of −1.010493, which is statistically
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significant at the 1% level with a p-value of 0.0031. This negative and significant coefficient
indicates that any deviation from the long-run equilibrium is corrected in the short term at
a rate of approximately 1.01 units per period. The significant ECT confirms the presence of
a stable long-run relationship among the variables and suggests that the system will adjust
toward equilibrium over time.

Table 9. CS ARDL test.

Variable Coefficient Std. Error t-Statistic Prob.

Long-Run Equation

GRF −2.149796 *** 0.389559 −5.518543 0.0000
EDU −4.669443 ** 2.055676 −2.271488 0.0237
ENT −0.161545 ** 0.074411 −2.170997 0.0306
GLI 0.124337 * 0.074014 1.679923 0.0939
TCN −1.101665 *** 0.389888 −2.825591 0.0050

Short-Run Equation

ECT −1.010493 *** 0.3413827 −2.96 0.0031
GRF −1.174635 ** 0.5776259 −2.03 0.042
EDU −0.037126 *** 0.012237 −3.033871 0.0026
ENT −1.164862 *** 0.429515 −2.712041 0.0070
GLI 0.036422 * 0.019459 1.871791 0.0621
TCN −0.025403 ** 0.011567 −2.196066 0.0287

Note: *** p < 1%, ** p < 5%, * p < 10%.

In the long run, the results show that GRF, EDU, and TCN have significant negative
effects on the ELF, with coefficients of −2.149796, −4.669443, and −1.101665, respectively.
These negative relationships suggest that increases in GRF, EDU, and TCN contribute to EQ
by reducing ELF over the long term. ENT also has a significant negative effect (−0.161545),
indicating that higher levels of entrepreneurial activity help reduce ELF and improve
sustainability. On the other hand, GLI shows a positive but marginal effect, suggesting
that, over the long term, GLI may contribute to an increase in ELF, though this effect is
weak and not statistically robust. The outcomes of the CS-ARDL analysis, as shown in
Figure 3, indicate that GRF, EDU, TCN, and ENT all exhibit negative relationships with
ELF, suggesting that these factors contribute to improving ES. In contrast, GLI shows a
positive association with ELF, implying that increased GLI may lead to a higher ELF.

In the short run, GRF and EDU remained significant, with coefficients of −1.174635
and −0.037126, respectively. These findings support the idea that short-term increases in
GRF and EDU contribute to reducing ELF and promoting ES. This represents the negative
relationship between GRF, EDU, and ELF. Additionally, the parameter ENT also shows a
significant negative effect. It highlights the role of entrepreneurial activity in reducing ELF
in G20 countries. However, the variable GLI has a positive but marginal effect on ELF. This
suggests that its influence on ELF is more pronounced in the short term by contributing
to a slight increase in ELF. This represents the portion of improvement for G20 nations.
Furthermore, the variable TCN demonstrates a small but significant negative relation
with ELF. This shows that TCN in the short run helps to lower the ELF, hence causing
an improvement in the EQ of G20 countries. As a result, we can say that the CS-ARDL
model reveals significant long-term and short-term relationships, where variables such
as GRF, EDU, ENT, and TCN play a key role in reducing ELF and improving EQ in the
G20 countries.
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The GMM regression results, presented in Table 10, show that TCN, Green GRF, EDU,
and ENT have significant negative effects on ELF, with coefficients of −0.2100, −0.4000,
−0.2200, and −0.0600, respectively. These results confirm that increases in these variables
are associated with reductions in ELF, supporting the notion of ES. Conversely, GLI has a
positive significant effect, indicating that higher levels of GLI may increase the ELF. Since
the GMM regression produces similar results to the CS-ARDL model, these findings further
validate the robustness of the outcomes, confirming the consistency and reliability of the
relationships between the variables and ecological sustainability.

Table 10. GMM regression.

Variable Coefficient Std. Error z-Value p-Value

TCN −0.2100 0.0750 −2.80 0.005
GRF −0.4000 0.1600 −2.50 0.012
ENT −0.0600 0.0220 −2.73 0.006
GLI 0.1100 0.0450 2.44 0.015
EDU −0.2200 0.1000 −2.20 0.028

The results of the Dumitrescu–Hurlin causality test presented in Table 11 reveal signif-
icant causality relationships between the variables, with varying directions of influence.
There is a unidirectional causality from GRF to ELF, significant at the 5% level, indicating
that an increase in GRF leads to a reduction in ELF, promoting ES. Similarly, EDU shows a
unidirectional causality toward ELF, suggesting that EDU contributes to a decrease in the
ELF, reinforcing its role in sustainability efforts. ENT and ELF exhibit bidirectional causality,
signifying that ENT reduces the ELF while a smaller ELF may encourage entrepreneurial
activity. On the other hand, GLI has a unidirectional causality to ELF, suggesting that
GLI tends to increase ELF, potentially leading to more environmental challenges. Lastly,
TCN also shows bidirectional causality with ELF, indicating that TCN reduces the ELF,
while the ELF itself influences the direction of TCN. These findings highlight the dynamic
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relationships between the variables, confirming that certain factors, such as EDU, GRF, and
ENT, play crucial roles in improving ES.

Table 11. Pairwise panel causality test.

Null Hypothesis Zbar-Stat p-Value Decision

ELF
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carbon emissions and ecological degradation, reinforcing the argument that financial in-
centives play a pivotal role in environmental quality improvements. However, some stud-
ies present contrasting perspectives. For instance, ref. [133] argues that while GRF gener-
ally promotes environmental sustainability, its effectiveness depends on policy imple-
mentation, financial market development, and regulatory enforcement. Furthermore, ref. 
[35] suggests that if green finance is not accompanied by strict environmental regulations 
and monitoring, its impact on ecological sustainability may be diluted. These results align 
with the study’s hypothesis (H1) that GRF contributes to improving environmental sus-
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contributes to the reduction in environmental degradation over time, driven by innova-
tions that promote energy efficiency, cleaner technologies, and waste reduction. This 
aligns with several studies, such as [134], who argue that technology adoption is central 
to reducing environmental impacts, especially in energy-intensive industries. Similarly, 
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ecological footprint (ELF) in both the long run (−2.149796) and short run (−1.174635).
This suggests that a 1% increase in GRF leads to a reduction in ELF by 2.15% over the
long term and 1.17% in the short term. These results highlight the crucial role of green
financial investments in mitigating environmental degradation within G20 economies.
By facilitating capital flows toward renewable energy projects, sustainable infrastructure,
and low-carbon technologies, GRF helps reduce environmental pressures and promotes a
transition toward cleaner production methods. This finding is consistent with previous
studies, such as [130,131], which emphasize that green financing mechanisms—such as
green bonds, climate funds, and ESG investments—significantly contribute to environmen-
tal sustainability by reducing reliance on fossil fuel-based industries. Similarly, ref. [132]
found that economies with strong financial commitments to sustainability tend to expe-
rience lower carbon emissions and ecological degradation, reinforcing the argument that
financial incentives play a pivotal role in environmental quality improvements. However,
some studies present contrasting perspectives. For instance, ref. [133] argues that while
GRF generally promotes environmental sustainability, its effectiveness depends on policy
implementation, financial market development, and regulatory enforcement. Furthermore,
ref. [35] suggests that if green finance is not accompanied by strict environmental regula-
tions and monitoring, its impact on ecological sustainability may be diluted. These results
align with the study’s hypothesis (H1) that GRF contributes to improving environmental
sustainability (ES) in G20 economies.

Similarly, the parameter technological innovation (TCN) also demonstrates a neg-
ative relationship with ecological footprint (ELF) both in the long run (−1.101665) and
short run (−0.025403). This indicates that a 1% increase in TCN results in a reduction in
ELF by 1.10% in the long term and 0.03% in the short term. These findings suggest that
advancements in technology play a pivotal role in improving environmental quality by
enabling more efficient resource utilization, cleaner production methods, and ultimately
lower ecological pressures. In the context of G20 countries, this indicates that technological
progress contributes to the reduction in environmental degradation over time, driven by
innovations that promote energy efficiency, cleaner technologies, and waste reduction.
This aligns with several studies, such as [134], who argue that technology adoption is
central to reducing environmental impacts, especially in energy-intensive industries. Simi-
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larly, ref. [135] emphasizes that the digitalization of industries and the shift to renewable
energy technologies contribute to lowering carbon emissions and ecological footprints.
Ref. [134] further supports these findings, stating that the development and adoption of
green technologies significantly mitigate environmental degradation by improving resource
efficiency and reducing pollution. However, contrasting perspectives also exist. For ex-
ample, ref. [136] cautions that the adoption of some emerging technologies may initially
increase environmental pressures due to resource-intensive manufacturing processes or
high energy demands, especially during the early stages of deployment. Furthermore,
ref. [137] similarly notes that while technology can drive sustainability, its impact on envi-
ronmental quality is contingent upon appropriate regulatory frameworks, incentives for
green innovation, and the scaling up of technologies to ensure widespread adoption. This
aligns with the study’s hypothesis (H2) that TCN enhances environmental sustainability
(ES) by fostering innovation that reduces ecological footprints and carbon emissions.

In contrast, globalization (GLI) exhibits a positive relationship with ecological foot-
print (ELF) in both the long run (0.124337) and short run (0.036422). This means that a 1%
increase in GLI results in a 0.124% rise in ELF over the long run and a 0.036% increase in the
short run. These findings indicate that while globalization facilitates economic growth, tech-
nological advancements, and knowledge transfer, it also contributes to higher consumption
patterns, industrial expansion, and resource exploitation, leading to greater environmen-
tal degradation over time. In the G20 economies, this positive association suggests that
globalization has intensified energy demand, production activities, and trade-related emis-
sions, ultimately worsening ecological pressures. The influx of multinational corporations
expanded industrialization, and increased consumerism drives deforestation, pollution,
and excessive resource consumption. This aligns with the pollution haven hypothesis
(PHH), which posits that globalization shifts pollution-intensive industries to countries
with weaker environmental regulations, further amplifying ecological degradation [138].
Additionally, ref. [139] argues that globalization intensifies carbon emissions by increasing
trade, transportation, and industrial production, leading to a larger environmental foot-
print. However, some studies offer a contrasting perspective, suggesting that globalization
can enhance environmental sustainability if properly regulated. Furthermore, ref. [140]
highlights that globalization facilitates green technology transfers, allowing countries to
adopt cleaner production processes and sustainable energy solutions. Similarly, ref. [141]
finds that FDI-driven globalization can encourage environmental responsibility in host
countries if strict environmental regulations and green investment policies are enforced.
This outcome supports the hypothesis (H4) that GLI has a significant and negative impact
on ES.

On the other hand, entrepreneurship (ENT) exhibits a negative relationship with ecologi-
cal footprint (ELF) in both the long run (−0.161545) and short run (−1.164862). This suggests
that a 1% increase in ENT leads to a reduction in ELF by 0.161% over the long run and 1.164%
in the short run. These findings highlight that entrepreneurial activities—particularly those
centered on sustainability—play a crucial role in lowering environmental degradation
through green innovation, resource efficiency, and eco-conscious business models. In the
context of G20 economies, the negative relationship between ENT and ELF is likely driven
by green entrepreneurship, which fosters clean energy solutions, sustainable business
models, and low-carbon innovations. As startups and businesses integrate environmental
considerations into their strategies, they reduce reliance on fossil fuels, minimize waste, and
adopt circular economy principles, ultimately leading to a smaller ecological footprint [142].
Moreover, ref. [143] emphasizes that eco-entrepreneurs drive sustainability by introduc-
ing environmentally responsible technologies, green investments, and carbon-efficient
production methods. Additionally, ref. [144] argues that entrepreneurial ecosystems that
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prioritize sustainability accelerate the transition toward a low-carbon economy. However,
while ENT generally benefits environmental quality, its impact depends on the type of
entrepreneurship. High-impact green startups tend to lower ELF, but businesses focused
solely on profit maximization without sustainability considerations may contribute to
pollution and resource depletion. This aligns with the Porter Hypothesis, which suggests
that environmentally responsible entrepreneurship leads to both economic and environ-
mental gains when supported by strong policy frameworks. Moreover, this study outcome
supports the hypothesis (H5) that ENT significantly enhances ES.

Furthermore, the CS-ARDL results align with the theoretical foundations of the study
by demonstrating the complex interplay between technological advancements, financial
mechanisms, education, globalization, and entrepreneurship in shaping environmental
quality within G20 economies. The negative long-run coefficients of GRF, EDU, ENT, and
TCN support the Sustainability Transition Theory (STT) by indicating that green finance,
technological innovation, and human capital development contribute to reducing ELF, thus
promoting sustainability. This aligns with STT’s premise that systemic changes in finance,
governance, and technology drive long-term environmental improvements. Similarly,
Innovation Diffusion Theory (IDT) finds support in the positive impact of GLI, which sug-
gests that globalization facilitates the exchange of sustainable technologies and practices,
reinforcing IDT’s emphasis on technology dissemination. However, the pollution haven
hypothesis (PHH) is also partially reflected in the positive coefficient of GLI, indicating
that globalization may contribute to environmental stress in certain contexts by attracting
pollution-intensive industries. The negative impact of ENT and TCN in both the short
and long run further validates STT, as cleaner production methods and renewable energy
technologies emerge as key drivers of sustainability. These findings highlight the multi-
faceted nature of environmental transition, where innovation and financial instruments
play crucial roles in mitigating ecological degradation while globalization presents both
opportunities and risks.

6. Conclusion and Policy Implications
The world is currently facing unparalleled environmental challenges. These challenges

are resulting in the degradation of ecosystems, the depletion of natural resources, and the
intensifying effects of climate change. Hence, these issues cause significant threats to global
sustainability and require urgent attention, particularly from the world’s largest economies.
Among these economies, the G20 bloc, which represents a major portion of global economic
activity, are considered key players in shaping the future of ES. Therefore, keeping in
view the current scenario, this study aimed to address these concerns by investigating the
role of TCN, EDU, and GRF in promoting EQ in G20 economies, with a focus on their
interactions with GLI and ENT. The current study uses comprehensive analysis by utilizing
the CS-ARDL, GMM, and Pairwise Causality tests. The work identifies both long-run
and short-run relationships between the study variables across the G20. The study finds
that technological innovation (TCN), education (EDU), and green finance (GRF) all have
a significant negative impact on the ecological footprint (ELF). This means that progress
in these areas helps improve environmental quality by reducing ELF. However, global-
ization (GLI) shows a positive relationship with ELF, suggesting that as global trade and
economic activities expand, environmental degradation may also increase in G20 nations.
On the other hand, entrepreneurship (ENT) has a negative impact on ELF, highlighting
the role of innovation and sustainable business practices in protecting the environment.
Moreover, the study emphasizes that G20 countries can enhance environmental quality
by promoting technological advancements, investing in education, and increasing green
finance initiatives. At the same time, since globalization contributes to higher ELF, it is
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crucial to manage global trade and resource consumption carefully to reduce its environ-
mental impact. Ultimately, the findings highlight the need to balance economic growth with
environmental responsibility. By integrating these key factors, G20 economies can work
towards reducing environmental degradation and building a more sustainable and resilient
future. The following are practical recommendations that can help enhance environmental
quality in G20 nations.

• Since GRF negatively influences ELF in both the short and long run, G20 economies
should increase investments in green finance by expanding green bond markets,
providing tax incentives for climate-focused financial tools, and establishing dedicated
green investment funds. Additionally, they should mandate sustainability criteria for
financial institutions to ensure funds are directed toward low-carbon industries and
eco-friendly innovations.

• Given the negative relationship between TCN and ELF, G20 countries must priori-
tize clean technology investments by increasing R&D funding for renewable energy,
energy-efficient systems, and circular economy solutions. Additionally, regulatory
frameworks should be strengthened to incentivize businesses to transition towards
low-emission technologies through subsidies, tax breaks, and innovation grants.

• Since EDU reduces ELF, G20 economies should embed sustainability in education
systems by integrating environmental curricula at all levels and fostering climate
literacy programs. Governments should also expand vocational training in green
industries, ensuring a skilled workforce capable of driving sustainable transformation
in key sectors such as energy, construction, and agriculture.

• The negative link between ENT and ELF highlights the need for stronger support for
green startups through dedicated funding, incubators, and regulatory incentives. G20
countries should also develop entrepreneurship-friendly policies, such as fast-track
approvals for eco-innovative businesses and preferential procurement programs that
prioritize sustainable enterprises.

• Since GLI is positively linked to ELF, G20 countries must implement policies that
regulate resource-intensive trade, including carbon tariffs, stricter environmental
standards for imports, and incentives for businesses to adopt sustainable supply
chain practices. Additionally, green trade agreements should be established to ensure
globalization supports rather than harms environmental sustainability.

This study provides very valuable insights but is still subject to certain limitations.
Firstly, the data range for the current study is from 2000 to 2020, which may not capture more
recent developments in the dynamics of EQ in G20 economies. Secondly, the current work
is confined to a limited set of variables, such as GRF, TCN, and EDU, which might not fully
capture all the factors influencing EQ. Thirdly, the work mainly focusses on G20 countries,
which limits the generalizability of the findings of other economies, especially those with
different levels of industrialization and development. Future research can address these
limitations by considering different time periods that better reflect the changing global
sustainability landscape. Researchers may also explore additional dependent variables
beyond environmental quality to capture broader economic impacts. Including more
factors, such as governance, policy effectiveness, and sectoral shifts, could further enrich
the analysis. Moreover, future studies could also apply alternative methods like MMQR or
Quantile-on-Quantile models to examine relationships across different quantiles in greater
depth. Thus, expanding the scope to other country groups, such as G10 or E7, could provide
useful comparisons in sustainability outcomes. Finally, using dual models and the EKC
framework could also help explore nonlinear relationships between variables which can
offer a more comprehensive view of sustainability dynamics.



Sustainability 2025, 17, 3321 24 of 30

Author Contributions: Conceptualization, M.P.; methodology, R.T.; software, M.P.; validation, M.P.;
formal analysis, M.P.; investigation, M.P.; resources, M.P.; data curation, R.T.; writing—original
draft preparation, R.T.; writing—review and editing, M.P. and R.T.; visualization, M.P.; supervision,
M.P.; project administration, M.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be available upon request.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

CSD Cross-sectional dependence
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