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OECD countries, despite being global leaders in economic and technological
advancements, face significant environmental challenges due to industrial
expansion, resource depletion, and globalization. Achieving ecological
sustainability requires a comprehensive strategy integrating green energy
transition, financial incentives, technological diffusion, and stringent
environmental policies. This study investigates the impact of the “Triple Green
Strategy”—green energy (GE), green innovation (GI), and green finance (GF)—
alongside ecological policies (EP), technological diffusion (TD), economic growth
(EG), and globalization (GB) on environmental deterioration (ED) across 34 OECD
countries from 1990 to 2022. Unlike prior research limited to single-factor
analysis or narrow environmental indicators, this study adopts the ecological
footprint as a comprehensive measure of environmental degradation and
incorporates globalization and policy frameworks into an integrated model.
Using two-step system GMM estimation, the analysis accounts for
endogeneity, dynamics, and cross-sectional dependence, with additional
robustness checks via FGLS, CCEMG, and FE models across three distinct
periods: pre-crisis (1990–2007), post-crisis (2008–2019), and the pandemic
era (2020–2022). The results show that GI consistently reduces ED in the
pre-crisis phase (β = −0.007, p < 0.01), while EP becomes significant only
before the financial crisis. TD and EG stand out as major contributors to
environmental pressure, especially during the post-crisis and pandemic years.
Interestingly, GE is found to have a positive link with ED during the pandemic
period (β = 0.034, p < 0.01), which may reflect temporary inefficiencies in the
transition toward cleaner energy. Granger causality analysis uncovers two-way
relationships between ED and GF, EG, and TD, pointing to complex feedback
mechanisms. Based on these findings, the study proposes policy actions aligned
with SDG goals, including tailored recommendations on innovation funding,
green financial tools, and regulatory measures. While the focus on OECD
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countries introduces some data and sample limitations, the study offers a detailed
picture of how green policies interact with broader economic shifts and provides
practical, adaptable guidance for advancing sustainability.

KEYWORDS

green energy, green innovation, green finance, environmental policies, globalization

1 Introduction

As climate change strengthens with environmental degradation
deepening, environmental sustainability (ES) achievement has
become one of the most critical challenges of the 21st century.
Because industrial activities rapidly grow and carbon emissions rise,
in addition to economic practices are not sustainable, ecological
deterioration has accelerated, which is posing serious risks to
biodiversity, public health, and economic resilience (Hossain
et al., 2023; Moreno et al., 2023; Oliveira and Moutinho, 2021).
In response, adopting green strategies is now a global necessity, as
this seeks to reduce environmental harm while supporting long-
term economic development (Ma et al., 2023).

Countries in the Organization for Economic Co-operation and
Development (OECD) guide this work. Their economic strength
with technological advancement allows them to address all of these
environmental crises from such a pivotal position. Well-funded
OECD countries possess strong infrastructure plus established
institutions, thus they can implement sustainability policies fitting
global climate pledges like the Paris Agreement (Choi, 2024). Their
contributions to global carbon emissions, historically high, occurred
at the same time. Thorough coordinated green policy action is thus a
pressing need (Ristanović et al., 2024).

This study examines the roles that green energy (GE), green
innovation (GI), technological diffusion (TD), green finance (GF),
ecological policies (EP), with globalization (GB) playing a role
shaping environmental outcomes across OECD countries.
Evidence grows, and it points toward the central role of GE in
shrinking ecological footprints. We measure GE as a share of
renewable energy within total consumption, typically for the
reduction of reliance upon fossil fuels (Doğan et al., 2023; Duan,
2025; Zhang and Chen, 2022). For instance, Wang et al. (2023)
discovered that a 5% decrease in carbon emissions over the previous
10 years was linked to a 10% increase in the use of renewable energy
across OECD nations. With nations like the United States,
United Kingdom, and Germany making notable advancements in
the deployment of wind, solar, and hydroelectric power, investment
in GE has increased throughout the region (Chu et al., 2022; Razzaq
et al., 2021; Saqib et al., 2023). By reducing reliance on fossil fuels
and the emissions that go along with them, this increasing move
toward renewable energy not only lessens environmental
degradation (Behera et al., 2023; Chu, 2023; Razzaq et al., 2021),
but it also advances the goal of carbon neutrality (Wang and Lee,
2022; Xu et al., 2022).

In parallel, GI, measured through patents in environmental
technologies, has emerged as a critical lever in driving the
transition to greener economies. The effective deployment of eco-
technologies can help minimize environmental impacts, including
the reduction of ecological footprints (Hu et al., 2024; Uddin, 2020).
Research by Chang et al. (2024) highlights that countries with

stronger investments in GI tend to achieve faster declines in
industrial emissions, underscoring the value of innovation in
environmental strategy.

Technological diffusion (TD), which is shown by more people
having access to and using the internet, has been very important in
spreading sustainable practices in OECD countries. Li et al. (2024)
say that the internet’s wider reach has made it easier for people to
share and use green technologies. This has led to better waste
management and more efficient use of energy (Saeed et al., 2024;
Xu et al., 2025; Yan et al., 2025). Financial tools like green finance
(GF), which is measured by how much credit is given to the private
sector in the United States, have also been very helpful in
encouraging eco-friendly investments. Jamel and Zhang (2024)
state that these kinds of projects led to a 15% increase in funding
for renewable energy in OECD countries, showing how important
they are becoming for sustainability efforts.

Ecological policies (EP), particularly those that are stricter and
more consistently enforced, help ensure industries remain
accountable for their environmental impact. Evidence from
several studies (Behera et al., 2023; Cai et al., 2025; Chu, 2023;
Dam et al., 2023; Saqib et al., 2023; Şeren and Çelekli, 2024; Xu et al.,
2023; Yang et al., 2024) shows that countries with more stringent
regulations tend to report cleaner air and water (Fatima et al., 2024).
Globalization (GB), assessed using the KOF Index, has also shaped
sustainability outcomes by encouraging international collaboration
on environmental governance and facilitating technology sharing.
Research by Ristanović et al. (2024) confirms that greater global
integration often aligns with broader adoption of environmental
standards, especially in the OECD context.

This study focuses on 34 OECD countries, chosen for their
established role in both global economic leadership and
environmental policy implementation. Unlike many emerging
economies, where rapid industrialization often takes priority over
ecological concerns (IEA, 2022; Shan et al., 2021; World Bank,
2023), OECD nations typically have the infrastructure and
institutional support to adopt and enforce green policies more
effectively (Dong and Yu, 2024; Wang et al., 2024). These
countries are also responsible for a large portion of global carbon
emissions, which makes their commitment to sustainability
especially vital in meeting international climate goals.

OECD countries still have serious environmental problems,
though they are getting better. These problems include plastic
waste, pollution, loss of biodiversity, and the effects of climate
change getting worse faster (He et al., 2023; Li et al., 2023; Saqib
et al., 2023; Wahab et al., 2024). The study’s goal is to give useful
policy advice that could also help developing countries that want to
move toward sustainable development by focusing on these
countries. When trying to be more sustainable, nations often
have to make choices. The goal is to combine economic and
environmental goals (Sohag et al., 2024; Zhang et al., 2025), but
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early transitions can sometimes cause short-term environmental
costs before the long-term benefits are discovered.

Since January 2023, environmental sustainability has taken
center stage in the OECD policy agenda, shaping actions across
energy, industry, agriculture, and urban development (OECD,
2023). Yet, challenges remain—fossil fuel subsidies, for instance,
doubled in 2022 to over USD 1.4 trillion (IEA, 2023), highlighting
ongoing financial and structural barriers to a full transition to
renewables (Behera et al., 2023; Chu, 2023; Ren and Zhu, 2025).

A key contribution of this study lies in its methodological and
conceptual refinement. While many previous analyses relied
primarily on CO2 emissions as a measure of environmental
deterioration, this research uses ecological footprint (EF)—a
broader, multidimensional indicator that includes factors like
forest use, water consumption, cropland pressure, and built-up
land impacts (Li and Li, 2023). This shift allows for a more
complete and nuanced picture of environmental degradation,
better aligning the study with global goals that go beyond just
carbon reduction.

In light of intensifying global environmental concerns, this study
aims to explore the complex and evolving factors driving
environmental deterioration (ED) in OECD countries. Unlike
many prior studies that rely solely on carbon emissions as a
measure of ecological harm, this research takes a broader
approach by using the ecological footprint as the primary
indicator. This metric captures a wider range of environmental
pressures—including land use, natural resource consumption, and
ecological overshoot—offering a more complete picture of
sustainability performance (Liu K. et al., 2025).

Although green strategies like green energy (GE), green
innovation (GI), and green finance (GF) have gained increasing
academic interest, much of the current evidence remains piecemeal
and lacks a cohesive framework. What is often missing is an
integrated understanding of how these sustainability tools
interact with broader forces such as globalization (GB) and
environmental policies (EP) to influence long-term ecological
outcomes. Additionally, the effects of major global
disruptions—like the 2008 financial crisis and the COVID-19
pandemic—have not been sufficiently examined in this context.
This absence of temporal perspective and multidimensional analysis
limits the effectiveness of policy interventions in high-
income economies.

To address these limitations, this study makes several key
methodological and conceptual contributions. It employs a suite
of advanced panel econometric models, including two-step system
GMM, FGLS, fixed effects (FE), and Common Correlated Effects
Mean Group (CCEMG) estimators, to ensure robustness against
endogeneity, heterogeneity, and cross-sectional dependence. These
techniques not only enhance the precision of the estimates but also
allow for country-specific heterogeneity, which is critical in policy
design for the diverse economic and regulatory landscapes of OECD
nations. Moreover, the inclusion of Granger causality analysis
enables the study to distinguish between reactive and proactive
dynamics, uncovering whether policy and economic variables
influence ED unidirectionally or via feedback loops.

By incorporating GB and EP into a unified analytical model, this
research bridges a critical gap in understanding how global
integration and environmental governance jointly affect

sustainability. Importantly, it also moves beyond generic
recommendations by providing targeted, empirically grounded
insights that can inform differentiated green strategies for
advanced economies.

The research is directed by numerous core research inquiries
that have not been comprehensively addressed in the literature:

• How do GE, GI, and GF impact ED in both the short and long
run, and are there efficiency lags in their effectiveness?

• To what extent does EP mitigate the environmental risks
associated with GB, and can well-structured policies
convert globalization into a sustainability catalyst?

• Does technological diffusion (TD) support ecological
improvement, or does increased digitalization contribute to
new forms of environmental pressure?

• Is EG compatible with ecological sustainability, or does it
persist as a trade-off variable?

• Finally, are the effects of these drivers unidirectional, or do
bidirectional feedback mechanisms exist that complicate the
policy landscape?

By addressing these questions, this study contributes a coherent,
policy-relevant, and theoretically grounded framework for
understanding the complex drivers of environmental
sustainability in OECD nations. It shifts the conversation from
isolated policy tools to an integrated model of economic,
technological, and regulatory interactions—ultimately enabling
more effective transitions toward long-term ecological resilience.

The study is organized as follows: Section 2 provides a
comprehensive review of the literature, highlighting existing
research gaps. Section 3 outlines the methodological framework,
including model specification and variables selection. Section 4
delivers the empirical results along with an in-depth analysis.
Finally, Section 5 synthesizes key findings, explores their broader
implications, and proposes directions for future research.

2 Literature review

2.1 The existing literature

This part of the study reviews empirical studies on green energy,
technological diffusion, green innovation, green finance,
globalization, and environmental policies on environmental
sustainability in developed and emerging countries.

Green energy plays a crucial role in boosting energy efficiency
and lowering harmful emissions, making it a central pillar of
sustainable development efforts. A growing body of research
underscores its environmental benefits. For example, Sharma
et al. (2024) report that over the last decade, the use of
renewable energy in OECD countries has helped cut carbon
emissions by around 15%. Imran et al. (2024) further show that
in South Asia, green energy adoption not only reduces ecological
stress but also supports ongoing economic development. Similarly,
Maka and Alabid (2022) explore how innovations in solar
technologies are advancing sustainability goals, particularly by
lowering greenhouse gas emissions and improving overall energy
use. Taken together, these findings highlight the vital role of
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renewable energy in shaping a more sustainable and resilient
environmental future.

Technological diffusion (TD) supports environmental
sustainability by enhancing how resources are managed and
helping to cut pollution levels (Truong, 2022; Xia et al., 2022).
Research by Chen and Hao, (2022) and Wang et al. (2022) shows
that TD contributes to corporate sustainability, particularly in
companies subject to strict environmental regulations. Khan et al.
(2020) also emphasize its importance in reducing emissions,
especially within developed countries.

Green innovation (GI) is another key pillar in the push for
sustainability. It helps limit environmental damage while improving
how efficiently resources are used. Liu and Liang (2024) explored
this dynamic across countries with varying income levels. They
found that innovation—tracked through environmental patent
filings—led to a marked decline in fossil fuel use, underlining the
strong role innovation plays in supporting environmental goals in
both advanced and developing economies.

Green finance, particularly measured through domestic
credit, has become a key instrument in driving sustainable
development by channeling capital into environmentally
responsible projects. Multiple recent studies highlight its
potential to address ecological challenges while also
supporting economic growth. For instance, Xing et al. (2024)
investigated green finance practices in 30 emerging economies
and found that allocating domestic credit to green initiatives
significantly reduced carbon emissions and encouraged the use of
renewable energy, pointing to the importance of well-designed
financial policies.

In a similar vein, Xiao et al. (2024) showed that expanding credit
access for green investments spurred energy transitions and
industrial modernization in China’s pilot regions. Their work
also pointed out that cities with different levels of resources
experienced varying outcomes, emphasizing the need for context-
specific financial strategies to fully leverage green finance.
Additionally, Fu et al. (2023) stressed that credit availability for
low-carbon ventures plays a central role in fostering sustainable
economic growth, and they called for stronger regulatory oversight
to ensure that green finance is directed toward genuinely impactful
environmental efforts.

Recent studies have explored the complex relationship between
globalization (GB) and sustainable development. Diachenko et al.
(2024), using the KOF Globalization Index, examined how GB
influences economic progress across multiple countries. Their
findings suggest that globalization enhances economic inclusion
and facilitates the spread of technology, both of which can support
sustainability goals. However, the study also highlighted significant
challenges, particularly the uneven distribution of benefits and the
environmental costs linked to increased trade and
industrial expansion.

Building on this, Oluwagbade and Ibidapo (2024) focused
specifically on Nigeria. Their research examined how GB affects
economic growth (EG) and sustainability outcomes in the local
context. They found that while globalization has the potential to
open up economic opportunities, it may also pose risks to
environmental quality if not paired with appropriate policy
frameworks. This underscores the need for balancing global
integration with strong environmental governance.

Amin et al. (2025) find that in BRICS economies, globalization
and technological diffusion increase CO2 emissions, but the
combined use of green finance, renewable energy, and innovation
significantly offsets this impact. Green finance is shown to be
essential for directing capital toward clean technologies. Similarly,
Zhu et al. (2025) show that in China, the integration of green finance
with digital innovation improves carbon efficiency and reduces
environmental degradation, with the digital economy amplifying
green finance’s environmental benefits in globalized contexts.

Khan et al. (2024), through a systematic review, emphasize green
finance as a key instrument for managing environmental risks linked
to globalization. They highlight trends such as green finance
performance indices, fintech’s role in scaling green investment,
and the importance of resilience frameworks for protecting green
capital. Liu X. et al. (2025) further argue that embedding green
finance within carbon neutrality strategies helps align globalization
with sustainability, promoting cross-border green technology
diffusion, sustainable industrial transitions, and stronger
environmental governance.

Environmental policies are crucial in guiding nations toward
sustainable development. A study conducted by Ambreen et al.
(2025) studied the impact of eco-policies and laws on promoting
ecological health in Pakistan. They highlighted that rigorous EP,
along with community involvement and ecological education
programs, markedly enhance sustainability results. Political
instability and corruption were recognized as impediments to
successful policy execution. OECD (2025a) emphasized the
necessity of synchronizing environmental policy with financial
mechanisms to address the funding shortfall for sustainable
development. They emphasized that creative policy frameworks
are crucial for resource mobilization and the attainment of global
sustainability objectives. Alatrash et al. (2025) found that EP had a
minimal but positive impact on reducing consumption-based CO2

emissions (CCO2). While the effects were not as pronounced as
other factors like GE consumption, EP contributed to fostering
compliance with environmental regulations.

2.2 Research gaps

Despite the growing body of empirical work on green finance,
energy transitions, innovation, and globalization, several critical
gaps remain in the existing literature that this study seeks to address.

First, prior research tends to focus narrowly on individual
dimensions of sustainability—such as CO2 emissions or energy
use—rather than adopting a comprehensive ecological indicator.
For instance, research by Yasir Mehboob et al. (2024), Mehboob
et al. (2024a), and similar recent studies primarily assess carbon
emissions but overlook broader environmental pressures such as
land use, biodiversity loss, and resource consumption. This study
fills that gap by using the ecological footprint as a holistic measure of
environmental deterioration, providing a broader perspective on
sustainability outcomes.

Second, most studies focus on single-country contexts (e.g.,
China or Nigeria) or small groups such as BRICS, without
considering the structurally different policy environments of
advanced economies. The OECD region, despite being a leader in
environmental governance, remains underexplored as a unified
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sample in terms of how the “Triple Green Strategy” interacts with
globalization and policy efforts to affect environmental outcomes.
This study addresses that gap by examining 34 OECD countries over
3 decades, offering a comparative macro-panel analysis rarely
undertaken in earlier work.

Third, while several studies emphasize the role of green finance,
the operationalization of this concept remains problematic. Most
literature uses broad credit indicators, without distinguishing green
credit from conventional lending, which dilutes causal inferences
(e.g., Fu et al., 2023; Xing et al., 2024). This study acknowledges this
limitation but proposes the use of macro-financial proxies in
combination with policy recommendations for more refined
future measures.

Fourth, green innovation is frequently proxied by patent
counts, but without assessing whether such innovations are
commercially viable or environmentally impactful in practice.
As highlighted by Khan et al. (2024), the lack of
commercialization metrics may overstate innovation’s
ecological benefits. This study addresses this issue by
recognizing GI’s limitations and recommending future studies
to incorporate innovation effectiveness indicators such as
adoption rates or green R&D expenditure.

Fifth, many studies overlook temporal heterogeneity, especially
the structural breaks introduced by major global events such as the
2008 financial crisis and the 2020 COVID-19 pandemic. This
research bridges that gap by segmenting the analysis into pre-
crisis, post-crisis, and pandemic periods, allowing for a more
nuanced understanding of how the effectiveness of green
strategies fluctuates across economic cycles.

Lastly, existing literature often lacks a strong theoretical
integration across disciplines. While some studies touch on
aspects of ecological modernization or the environmental
Kuznets curve, few embed them into a systematic empirical
framework. This study incorporates both, offering a cohesive
theoretical base to explain the nonlinear and policy-mediated
nature of green-economic-environmental linkages.

Together, these gaps highlight the need for more integrated,
dynamic, and context-sensitive investigations—an area where this
study makes a novel and timely contribution.

3 Empirical data and techniques

3.1 Data statistics

This work analyzes the relationships between GE, GI, GF, EP,
GB, and TD with ED in 34 OECD countries over the period
1990–2022. The dataset is compiled from reputable sources,
including QoG, GFN, the OECD database, and WDI (see
Table 1). This period is selected based on the availability of
comprehensive data for all variables, ensuring consistency and
minimizing potential biases from missing observations. In cases
where certain data points were unavailable, the average imputation
method was employed, a widely accepted approach in sustainability
research to maintain data continuity without distorting the
overall trend.

The timeframe from 1990 to 2022 holds special relevance for
studying environmental sustainability, especially within the context
of OECD countries. This three-decade span captures several
landmark global policy milestones, such as the Kyoto Protocol,
the Paris Agreement, and the launch of the European Green
Deal—all of which significantly shaped environmental agendas
across developed nations (Choi, 2024; UNFCCC, 2024). Beyond
policy, this period also witnessed major leaps in green innovation,
including the rise of renewable energy, rapid digitalization, and the
growing role of green finance (Ristanović et al., 2024). Covering such
an extended timeframe enables evaluating not only the immediate
effects of environmental initiatives but also their deeper, long-term
structural impacts, providing a richer, more nuanced picture of how
sustainability efforts have evolved and taken hold over time.

With 1,122 data points for each variable, the dataset offers a
strong basis for analyzing what drives sustainability, helping to
ensure reliable statistical results and reduce issues like inconsistent
variance or missing key factors. Focusing on OECD countries adds
further value, given their active roles in enforcing environmental
regulations, adopting cutting-edge green technologies, and using
financial tools to support sustainable growth. This enables the study
to generate policy-relevant insights applicable to both developed and
developing economies, facilitating a broader understanding of global
sustainability dynamics.

TABLE 1 Dataset and indicator definitions.

Abbreviations Variables Definitions Variable’s
category

Sources

ED Environmental
Deterioration

Ecological footprint (gha per person) Dependent GFN (2025)

EG Economic Growth GDP per capita (constant 2015 US$) Independent WDI (2025)

GE Green Energy Share of renewable energy in total final energy consumption (% of total final
energy consumption)

Independent WDI (2025)

GI Green Innovation Patents on environmental technologies Independent OECD (2025b)

TD Technological Diffusion Individuals using the Internet (% of the population) Independent WDI (2025)

GF Green Finance Domestic credit to the private sector by banks (% of GDP) Independent WDI (2025)

EP Ecological Policies Environmental Policy Stringency Index Independent OECD (2025b)

GB Globalization KOF index of globalization Independent Gygli et al.
(2019)

OECD, Organization for Economic Co-operation and Development; WDI, world development indicators; GFN, global footprint network.
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Table 2 provides the descriptive statistics for the 34OECD countries,
reflecting the distribution and variability of key variables. The mean
values indicate that ED averages 1.767, while EG stands at 10.235,
showing stable economic patterns. Figure 1 illustrates the fluctuations in
ED across selected OECD countries throughout the study period. GE
and GI have means of 2.395 and 2.951, respectively, with GI displaying
substantial variation, as highlighted by its high standard deviation of
4.927. TD and GF exhibit moderate mean values of 2.597 and 4.317,
though TD shows significant dispersion with a standard deviation of
3.583. EP presents a negative mean (−0.114), indicating variations in
policy effectiveness among the selected countries. GB remains relatively
stable with an average of 4.335 and low dispersion (standard deviation of
0.122). The lowest values highlight extreme fluctuations, particularly in
GI, TD, and EP, suggesting that some economies experience severe
downturns in these variables. The statistically significant skewness values
confirm deviations from normality, necessitating advanced econometric
techniques to ensure robust modeling.

Figure 2 presents Q-Q plots assessing the normality of the
variables used in the study. The deviation of data points from the
diagonal line indicates that most variables exhibit non-normal

distributions, with noticeable skewness and heavy tails in some
cases. The log transformations applied to certain variables, such as
TD, EP, and GF, improve normality but do not eliminate deviations.
These results suggest that robust econometric techniques, such as
panel unit root tests and estimators accommodating non-normality
and heteroskedasticity, are necessary to ensure reliable inference in
the study.

Table 3 presents the correlation analysis, illustrating the
relationships among the study variables. ED shows a strong
positive correlation with EG (0.571), indicating that economic
growth is associated with higher environmental degradation. GE
and GI exhibit weak correlations with ED, with GE having a slight
positive effect (0.096) and GI showing a marginal negative
association (−0.050), suggesting that green energy alone may not
significantly curb degradation, while green innovation could play a
role in mitigation. TD and GF display positively inclined
correlations with ED (0.111 and 0.282, respectively), implying
that technological diffusion and green finance influence ecological
outcomes. EP has a notable negative correlation with ED (−0.242),
reinforcing the role of environmental policies in reducing

TABLE 2 Results of descriptive statistics.

EDa EGa GEa GIa TDa GFa EPa GBa

Mean 1.767 10.235 2.395 2.951 2.597 4.317 −0.114 4.335

Median 1.731 10.398 2.473 3.795 4.082 4.433 0.679 4.366

Maximum 3.777 11.630 4.418 8.923 4.604 5.718 1.587 4.498

Minimum 0.535 8.462 −0.916 −16.118 −16.118 −1.674 −16.118 3.755

Std. Dev. 0.440 0.683 1.030 4.927 3.583 0.576 3.148 0.122

Skewness 0.000*** 0.000*** 0.000*** 0.000** 0.000*** 0.000*** 0.000*** 0.000***

Obs. 1,122 1,122 1,122 1,122 1,122 1,122 1,122 1,122

Note:
arepresents the natural logarithm of the variable. Statistical significance levels are marked as ***, **, and * for 1%, 5%, and 10%, respectively.

FIGURE 1
The trend of ecological degradation in OECD nations during 1990–2022.
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degradation. GBmaintains a positive link with ED (0.176), hinting at
financial sector dynamics contributing to ecological strain. Notably,
GI and EP show a strong correlation (0.519), indicating that
innovative policies complement environmental regulations. The
significant correlations among multiple variables highlight
complex interactions, necessitating advanced econometric
modeling to capture the underlying causal mechanisms.

3.2 Model formulation and
theoretical framework

This study draws on the foundations of ecological
modernization theory and the environmental Kuznets curve
(EKC) hypothesis to establish a theoretical connection between
economic development, green strategies, globalization, and

FIGURE 2
Normality assessment of variables through Q-Q plots before and after transformation.

TABLE 3 Correlation analysis.

Variables EDa EGa GEa GIa TDa GFa EPa GBa

EDa 1.000

EGa 0.571*** 1.000

GEa 0.096*** 0.094** 1.000

GIa −0.050* 0.405*** −0.109** 1.000

TDa 0.111*** 0.365*** 0.190*** 0.587*** 1.000

GFa 0.282*** 0.590** 0.062** 0.249*** 0.244*** 1.000

EPa −0.242*** 0.205*** −0.150*** 0.519*** 0.353*** 0.149*** 1.000

GBa 0.176*** 0.633*** 0.094*** 0.544*** 0.579*** 0.436*** 0.532*** 1.000

Note:
ashows the natural logarithm of the variable. Statistical significance levels are marked as ***, **, and * for 1%, 5%, and 10%, respectively.
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environmental outcomes. Ecological modernization posits that
environmental degradation can be mitigated through
technological innovation, institutional reform, and market-based
mechanisms such as green finance and renewable energy. In parallel,
the EKC framework suggests a nonlinear relationship between
economic development and ecological impact, where degradation
initially upsurges with evolution but declines as income and
environmental regulation strengthen.

Guided by these perspectives, this research conceptualizes
environmental deterioration (ED) as a function of multiple
interconnected drivers, particularly those representing sustainable
growth and global integration. Accordingly, the baseline functional
form is expressed as in Equations 1, 2:

ED � f EG,GE, GI, TD, GF, EP, GB( ) (1)
Where ED, EG, GE, GI, TD, GF, EP, and GB stand for ecological

deterioration, economic growth, green energy, green innovation,
technological diffusion, green finance, ecological policies, and
globalization, respectively.

The following is the log-linear transformation form of
Equation 1:

lnEDi,t � β0 + β1 ln EGi,t + β2lnGEi,t + β3lnGIi,t + β4lnTDi,t

+ β5 lnGFi,t + β6 lnEPi,t + β7 lnGBi,t + εi,t (2)

Log-transforming variables standardize magnitudes, simplifying
regression analysis and capturing nonlinear economic effects on ED.
This approach manages variability while retaining key variables in
their original form for clarity, ensuring easier interpretation of
factors like EG, GE, GI, TD, GF, EP, and GB on sustainability.

The coefficients β1 through β7 represent the elasticity estimates,
indicating both the strength and direction of the relationship between
each explanatory variable and environmental deterioration. The term β0
denotes the intercept of themodel, while εit captures the stochastic error
component. In this panel dataset, t denotes the time dimension
spanning from 1990 to 2022, and i refers to the cross-sectional
units, specifically the 34 OECD countries included in the analysis.

3.3 Empirical methodology

3.3.1 Cross-sectional dependence test
Pesaran’s (2015) CSD test detects cross-sectional dependence in

panel data, ensuring accurate econometric models. Ignoring it risks
biased, inconsistent estimates and weakening result reliability in
Equation 3.

δC−DP � T × N( ) N − 1( )( ) 1
2

2
P̂RN (3)

3.3.2 Slope homogeneity test
To assess whether the slope coefficients in the cointegration

equation are consistent across cross-sectional units, a slope
homogeneity (SH) test is employed. Originally introduced by
Swamy (1970), the test was later refined by Pesaran and
Yamagata (2008), who extended the framework to generate two
test statistics for evaluating parameter homogeneity across the panel
in Equations 4, 5.

Δ̂S−HT � ��
N

√
×

��
2k

√
×

1
N

Ŝ − k( ) (4)

^̂Δadj. S−HT � ��
N

√
×

�����������
T + 1

2k T − k − 1( )

√
×

1
N

Ŝ − 2k( ) (5)

For the null hypothesis of slope homogeneity to hold, the
p-value must exceed the 5% significance threshold.

3.3.3 Second-generation unit root test
Given the nature of OECD panel data, which, similar to time

series, may exhibit nonstationarity, it is essential to conduct unit root
tests to prevent spurious regression results. Accordingly, this study
employs second-generation unit root tests—the Cross-sectional
Augmented Dickey-Fuller (CADF) and Cross-sectional Im,
Pesaran, and Shin (CIPS) tests—developed by Pesaran (2007).
These tests account for cross-sectional dependence and provide
more robust stationarity diagnostics for panel data. The CADF
specification used in this study is as follows in Equations 6–9:

Δyi,t � αi + βiyi,t−1 +∑ρi
j�1

ρi,jΔyi,t−j + εi,t (6)

Δzi,t � αi + bizi,t−1 + diΔ�zt + ei,t (7)

ΔCSi,t � φi + φiCSi,t−1 + ϱCSt−1 +∑p
l�0
ψi,lΔCSt−l +∑p

l�1
υi,lΔCSi,t−l + μi,t

(8)
CIPS is exhibited in Equation 9:

ĈIPSUR � 1
N

∑n
l�1
Øi N, T( ) (9)

If variables are non-stationary, the unit root test is repeated after
first differencing, ensuring accurate cross-sectional dependency and
heterogeneity analysis.

3.3.4 GMM estimation
This research uses the two-step system Generalized Method of

Moments (GMM), to investigate the dynamic impact of key
explanatory variables on environmental deterioration (ED) across
34 OECD countries. The choice of GMM is driven by the need to
address potential endogeneity and simultaneity among the variables,
which traditional estimators such as OLS or fixed effects cannot
adequately resolve. In line with prior studies such as Chang and Lee
(2013), Becker et al. (2009), and Attila (2008), the system-GMM
framework enables efficient estimation in the presence of
endogenous regressors and unobserved heterogeneity, particularly
within a dynamic panel context.

The baseline dynamic model is specified as follows in
Equation 10:

EDi,t � αi + λiEDi,t−1 + β1GEi,t + β2GIi,t + β3TDi,t + β4GFi,t

+ β5EPi,t + β5GBi,t +∑k
j�1
δjZjit + φt + εi,t (10)

Here, EDi,t−1 represents the lagged dependent variable,
capturing the inertia in environmental degradation. The model
includes a full set of control variables and time-fixed effects (ϕt)
to account for global shocks. The use of GMM, particularly in its
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system form, enhances consistency by combining equations in levels
and first differences, allowing the use of internal instruments.

3.3.5 Robustness analysis
To validate the reliability of the GMM results, we conduct a

series of robustness checks using three alternative estimators:
Feasible Generalized Least Squares (FGLS), Common Correlated
Effects Mean Group (CCEMG), and Fixed Effects (FE).

Following Wolde-Rufael and Mulat-Weldemeskel (2022) and
Pesaran (2006), CCEMG is employed to address cross-sectional
dependence and unobserved heterogeneity, making it particularly
suitable for macro-panel datasets. It estimates country-specific
coefficients and then aggregates them, offering robustness to
parameter heterogeneity.

Due to the limited time dimension (T = 3) during the pandemic
period (2020–2022), CCEMG becomes infeasible. In this case, we
apply the Fixed Effects estimator, which controls for time-invariant
unobserved heterogeneity and is more appropriate under short-
panel constraints.

Collectively, these robustness techniques help confirm the
stability of the main findings and ensure that the estimated
relationships are not artifacts of model specification or
unaccounted structural biases.

3.3.6 Granger causality test
The Dumitrescu and Hurlin (2012) Granger-causality test

detects causality in heterogeneous panel data, accounting for
cross-sectional dependence.

This strategy is exemplified as in Equation 11.

Zi,t � αi +∑p
j�1

βji Zi,t−1 +∑p
j�1

γji Ti,t−j (11)

Figure 3 presents the methodologies employed in this study.

4 Results and discussions

Table 4 presents the results of the Cross-Section Dependence
(CSD) test, confirming the presence of significant cross-sectional

dependence among all variables, as indicated by highly significant
test values (p-value = 0.000). ED, EG, GE, GI, TD, GF, EP, and GB all
exhibit strong interdependencies across the 34 OECD countries,
with EG, TD, EP, and GB showing particularly high CSD values,
suggesting that economic growth, technological diffusion,
environmental policies, and globalization share common shocks
or spillover effects across nations. The existence of CSD highlights
the necessity of employing second-generation econometric
techniques to ensure robust and reliable estimations that account
for these interlinkages.

Table 5 presents the slope homogeneity test, assessing whether
relationships among variables are uniform across OECD countries.
The null hypothesis (slope homogeneity) is strongly rejected
(Δ̂S−HT = 11.557, p = 0.000; ̂̂Δadj. S−HT = 13.551, p = 0.000),
confirming significant heterogeneity in slopes. This implies that
the impact of GE, GI, GF, EP, TD, and GB on ED varies across
nations, likely due to differences in policy frameworks, technological
adoption, and financial structures. These findings justify using
heterogeneous panel estimators for accurate model estimation.

Table 6 presents the results of the CIPS and CADF unit root
tests, assessing the stationarity properties of the variables. The CIPS
test indicates that all variables, except for GF, are stationary at level (I
(0)), as they are significant at 1% or 5%. Conversely, GF requires first
differencing to attain stationarity at I (1), confirming the presence of
a unit root. However, the CADF test provides a more mixed
outcome, where only ED, TD, and GB are stationary at level,
while the remaining variables exhibit non-stationarity at I (0) but
become stationary at I (1). These findings highlight the need for an
econometric approach that accommodates variables with mixed
integration orders, reinforcing the suitability of the GMM
technique for robust estimations.

The pre-crisis era GMM results in Table 7 indicate that
environmental deterioration (ED) exhibited moderate persistence,

FIGURE 3
Strategies employed in this study.

TABLE 4 CSD test.

Variables Value P-value

EDi,t 51.450*** 0.000

EGi,t 124.070*** 0.000

GEi,t 58.670*** 0.000

GIi,t 93.830*** 0.000

TDi,t 125.010*** 0.000

GFi,t 21.510*** 0.000

EPi,t 116.800*** 0.000

GBi,t 123.340*** 0.000

Note: The significance at 1%, 5%, and 10% is denoted by ***, **, and *, respectively.

TABLE 5 SH test.

Test Coefficient P-value

Δ̂S−HT 11.557*** 0.000

^̂Δadj. S−HT
13.551*** 0.000

Note: The significance at 1% is denoted by ***.
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as reflected by the significance of its lagged value. EG has a positive
and statistically significant impact on ED, suggesting that economic
expansion during this period contributed to increased
environmental pressure. GI demonstrates a negative and highly
significant effect, confirming its role in mitigating ED through
technological advancement. TD shows a small but significant
positive influence, indicating that early-stage digital growth may
have exerted additional environmental burdens. EP also contributes
to reducing ED, albeit modestly, highlighting the early effectiveness
of regulatory measures. In contrast, GE, GF, and GB do not exhibit
statistically significant effects, implying that their environmental

influence was limited or not yet well-integrated into national
frameworks during this period. Overall, the outcomes underline
the significance of innovation and strategy in addressing
environmental challenges before the global financial crisis, while
pointing to the underdeveloped roles of finance, energy, and
globalization in shaping ecological outcomes during that time.

The results from Table 8, covering the post-crisis and pre-
pandemic era (2008–2019), reflect a shift in the dynamics of
environmental deterioration (ED) within OECD countries. The
lagged ED remains highly significant with a strong coefficient,
indicating a high level of persistence in environmental outcomes
during this period. However, EG is statistically insignificant,
suggesting that economic growth no longer has a direct and
substantial impact on ED, possibly due to structural adjustments,
cleaner growth practices, or enhanced regulation following the
2008 financial crisis.

GI also becomes statistically insignificant, implying that
although innovation efforts continued, their environmental effects
may not have been immediate or uniformly effective. Similarly, GE
shows no significant impact, indicating that the scale or speed of
renewable energy integration may not have been sufficient to alter
ecological trends during this period.

TD, however, emerges as a significant driver of ED, pointing to
increased environmental pressure from expanding digital
infrastructure and usage. Both GF and EP remain statistically
insignificant, suggesting limited effectiveness of financial and
regulatory instruments in reducing ED across the broader OECD
context. GB shows a negative but insignificant relationship with ED,
indicating a possible but unconfirmed decoupling effect of
globalization.

Overall, the findings in Table 8 highlight a period marked by
inertia in environmental deterioration and limited direct
effectiveness of green strategies, with only TD maintaining a
significant positive impact. This underscores the need for
stronger alignment between innovation, policy, and finance to
translate sustainability efforts into measurable ecological
improvements.

The findings from Table 9, which represent the pandemic era
(2020–2022), reveal a distinct environmental dynamic shaped by the

TABLE 6 Stationary test.

Variables CIPS CADF

Level (I (0)) 1st difference (I (1)) Level (I (0)) 1st difference (I (1))

EDi,t −3.629*** −5.997*** −2.901*** −4.710***

EGi,t −2.945*** −4.488*** −2.523 −3.638***

GEi,t −2.667** −5.556*** −2.451 −4.161***

GIi,t −3.616*** −5.672*** −2.259 −4.571***

TDi,t −4.000*** −4.068*** −3.874*** −4.222***

GFi,t −1.343 −4.386*** −1.704 −3.472***

EPi,t −2.677** −5.520*** −2.513 −3.981***

GBi,t −4.416*** −5.981*** −2.988*** −4.080***

Note: *** and ** demonstrate the significance at 1% and 5%, respectively.

TABLE 7 Outcomes of factors impacting environmental degradation: direct
channel (Pre-crisis era).

Dependent
variable: ED

Dynamic panel data,
two-step
system GMM

Corrected
std. error

L.EDi,t 0.320* 0.191

EGi,t 0.283** 0.112

GEi,t −0.027 0.034

GIi,t −0.007*** 0.003

TDi,t 0.010* 0.005

GFi,t −0.034 0.023

EPi,t −0.037* 0.021

GBi,t 0.319 0.303

AR1 −2.190** -

AR2 −0.280 -

Sargan test 36.450*** -

Hansen test 30.450** -

No. of instruments/J-stat. 25 -

Wald/Chi2 test 134.370*** -

Note: Significance levels are denoted as follows: *** for p-values less than 1%, ** for p-values

below 5%, and * for p-values under 10%.
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disruptions and policy responses of the COVID-19 period. The
lagged value of ED is highly significant and very close to one,
indicating strong persistence in environmental degradation and
suggesting that short-term interventions may have had limited
influence in altering ecological trajectories during this crisis phase.

EG is statistically insignificant, reinforcing the idea that
economic activity was decoupled from environmental
deterioration, likely due to temporary lockdowns, production
halts, and shifts in consumption patterns. Interestingly, GE
exhibits a positive and highly significant impact on ED, a result
that may seem counterintuitive but could reflect transitional
inefficiencies—such as reliance on hybrid systems or the rebound
effect—where initial shifts toward renewables do not immediately
translate into ecological benefits.

Even more notably, GI is also positively and significantly
associated with ED, suggesting that during the pandemic,
innovation activities may have been redirected toward short-term
crisis response, lacking environmental focus or creating unintended
ecological pressures. TD, GF, EP, and GB are all statistically
insignificant, indicating a broad reduction in the effectiveness or
responsiveness of these instruments under the extraordinary
constraints of the pandemic. This likely reflects institutional and
market disruptions, delayed policy implementation, and weakened
international cooperation during the health emergency.

Overall, Table 9 highlights the pandemic era as a time of
environmental inertia and complex, possibly counterproductive
interactions between green interventions and ecological
outcomes. The results underscore the importance of integrating
resilience and adaptability into green strategies, particularly under
conditions of systemic crisis.

The robustness checks across all three periods using FGLS,
CCEMG, and FE models largely reinforce the core insights of the
GMM estimations, while also revealing notable nuances and model
sensitivities.

In the pre-crisis era (Table 10), FGLS strongly corroborates
GMM by confirming the positive effect of EG and TD and the
negative effect of GI on ED, with high significance and consistent
direction. GE, though insignificant in GMM, shows a significant
negative effect in FGLS, suggesting a potentially understated role of
renewables in the main model. CCEMG, while less consistent,
supports the negative role of GI, albeit at lower significance, but
diverges on EP, where it shows a positive effect, contradicting both
GMM and FGLS. This may reflect cross-country heterogeneity in
policy implementation that GMM averages out. GB is insignificant
in GMM but becomes significant in both robustness models,
suggesting that latent global dynamics may have influenced ED
more than captured by the main estimation. The negative impact of
GE is in line with Mehboob et al. (2024b).

For the post-crisis and pre-pandemic era (Table 11), FGLS again
aligns with GMM in confirming TD’s strong positive effect and the
continued significance of GI. EG, though insignificant in GMM,
becomes highly significant in FGLS, possibly due to the dynamic
nature of GMMdownplaying short-run effects. CCEMG agrees with
FGLS on TD but contradicts GMM onGI and EP, where signs flip or
lose significance. GB consistently exhibits a negative and statistically
significant impact in the FGLS estimation, matching the GMM
direction, but CCEMG results are weaker, indicating model
sensitivity to globalization effects.

In the pandemic era (Table 12), the results diverge more sharply
due to the short time frame. FGLS finds EG and TD to be strong
positive contributors to ED, in contrast to the insignificant effects
observed in both GMM and FE. GI, which was positively significant
in GMM, becomes negatively significant in FGLS, and entirely

TABLE 8 Outcomes of factors impacting environmental degradation: direct
channel (Post-crisis and pre-pandemic era).

Dependent
variable: ED

Dynamic panel data,
two-step
system GMM

Corrected
std. error

L.EDi,t 0.868*** 0.066

EGi,t 0.042 0.033

GEi,t 0.011 0.016

GIi,t −0.004 0.005

TDi,t 0.145** 0.067

GFi,t −0.023 0.023

EPi,t −0.009 0.040

GBi,t −0.267 0.214

AR1 −4.060*** -

AR2 −1.320 -

Sargan test 95.480*** -

Hansen test 29.210*** -

No. of instruments/J-stat. 20 -

Wald/Chi2 test 1749.240*** -

Note: Significance levels are denoted as follows: *** for p-values less than 1% and ** for

p-values below 5%.

TABLE 9 Outcomes of factors impacting environmental degradation: direct
channel (Pandemic era).

Dependent
variable: ED

Dynamic panel data,
two-step
system GMM

Corrected
std. error

L.EDi,t 0.959*** 0.041

EGi,t 0.022 0.023

GEi,t 0.034*** 0.009

GIi,t 0.009** 0.004

TDi,t 0.023 0.150

GFi,t −0.014 0.013

EPi,t −0.012 0.025

GBi,t −0.235 0.159

Sargan test 12.760*** -

Hansen test 5.590** -

No. of instruments/J-stat. 10 -

Wald/Chi2 test 4776.860*** -

Note: Significance levels are denoted as follows: *** for p-values less than 1% and ** for

p-values below 5%.
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insignificant in FE, indicating instability in its short-term effect. EP
is insignificant in both GMM and FGLS, but strongly negative and
significant in FE, possibly reflecting sudden regulatory tightening or
reporting shifts during the crisis. GB remains negatively significant
in FGLS but loses power in FE, aligning more closely with
GMM’s results.

Overall, FGLS offers the most consistent corroboration of GMM,
especially in identifying EG, TD, and GI as key drivers. CCEMG
introduces more variability, likely due to its sensitivity to cross-
sectional heterogeneity. FE, used only for the pandemic period,
highlights the fragility of short-term estimates and reinforces the
need for cautious interpretation of crisis-period dynamics.

The Granger causality analysis in Table 13 reveals meaningful
directional relationships between environmental deterioration (ED)
and its potential drivers, providing depth to the dynamic
interactions inferred from the GMM estimations.

A unidirectional causality from EP to ED confirms that policy
efforts significantly influence environmental outcomes, but changes in

ED do not appear to trigger immediate policy responses. Similarly, GE
and GI both Granger-cause ED, supporting their proactive roles in
shaping environmental quality, although ED does not influence their
evolution, indicating that environmental challenges do not yet feed back
into innovation or energy choices in the short run.

In contrast, GF and ED share a bidirectional relationship,
suggesting a reinforcing feedback loop where green finance both
responds to and shapes ecological conditions. TD also exhibits
bidirectional causality with ED, reflecting how digital expansion
and environmental quality influence each other, possibly through
energy demands and information access.

EG, traditionally a key factor, also displays bidirectional
causality with ED, reinforcing the notion that while economic
growth impacts the environment, ecological conditions can in
turn influence economic performance, likely through regulatory,
resource, or productivity channels.

Lastly, GB shows reverse causality, where ED Granger-causes
GB but not vice versa. This suggests that environmental stress may

TABLE 10 Robustness tests (Pre-crisis era).

Variables FGLS CCEMG

Coefficient Standard error Coefficient Standard error

EGi,t 0.474*** 0.027 1.796** 0.707

GEi,t −0.032*** 0.012 −0.222 0.190

GIi,t −0.014*** 0.003 −0.009 0.018

TDi,t 0.013*** 0.004 0.004 0.026

GFi,t −0.069*** 0.024 −0.345 0.403

EPi,t −0.048*** 0.010 0.182 0.066

GBi,t 0.359** 0.148 0.406* 1.693

Constant −4.203*** 0.523 9.179 9.132

Wald test 879.190*** - 18.680*** -

Note: Statistical significance levels are represented as *** for p<1%, ** for p<5%, and * for p<10%. The dependent variable in this analysis is ecological deterioration (ED).

TABLE 11 Robustness tests (Post-crisis and pre-pandemic era).

Variables FGLS CCEMG

Coefficient Standard error Coefficient Standard error

EGi,t 0.451*** 0.032 1.063 0.802

GEi,t 0.004 0.017 0.528 0.467

GIi,t −0.054*** 0.006 0.011 0.107

TDi,t 0.515*** 0.081 1.266* 0.696

GFi,t −0.051 0.033 −0.417 0.362

EPi,t −0.029* 0.036 0.148 0.137

GBi,t −1.731*** 0.276 −1.237 0.809

Constant 2.920*** 1.058 7.200 12.879

Wald test 614.850*** - 12.640* -

Note: Statistical significance levels are represented as *** for p <1%, ** for p <5%, and * for p <10%. The dependent variable in this analysis is ecological deterioration (ED).
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be prompting changes in global integration patterns, rather than
globalization directly degrading the environment in the
observed period.

These findings validate several of the structural results from the
main models, particularly the causal influence of EP, GI, and GE,
while also uncovering dynamic feedback loops in GF, TD, and EG
that merit policy attention for long-term sustainability.

5 Conclusion and future suggestions

This work explores the environmental impacts of green
strategies and globalization across 34 OECD countries over the
period 1990–2022, using the ecological footprint as a comprehensive

measure of environmental deterioration. By applying a two-step
system GMM and validating results through FGLS, CCEMG, and FE
models, the analysis captures both short- and long-term dynamics
under structural shifts, including the 2008 financial crisis and the
COVID-19 pandemic.

The results reveal that green innovation and ecological policies
are significant in reducing environmental degradation, especially
before the crisis era. Economic growth and technological diffusion
contribute positively to degradation in most periods, while the
effects of green energy and green finance are more period-
specific and occasionally counterintuitive, particularly during the
pandemic. Globalization’s impact is largely indirect, with limited
short-run significance. Granger causality analysis further supports
unidirectional effects from innovation, energy, and policy measures
to environmental outcomes, alongside notable bidirectional
feedback in green finance, technological diffusion, and
economic growth.

Overall, the study emphasizes that while proactive green
interventions have begun to shape ecological outcomes, their
effectiveness varies across time and context. Policymakers must
strengthen green finance mechanisms, ensure innovation is
environmentally targeted, and enhance the execution efficiency of
ecological procedures to achieve enduring sustainability in
advanced economies.

5.1 Policy recommendations

Grounded in the empirical findings and aligned with SDG
objectives, this study offers targeted and operational policy
recommendations that extend beyond general directives and
address the diverse institutional realities of OECD countries.

First, the significant role of green innovation in mitigating
environmental deterioration—especially pre-crisis—highlights the
need for structured innovation frameworks. OECD governments
should adopt targeted subsidies for environmental patents and
promote industry-university-research collaborations, similar to
Germany’s Fraunhofer model, which has effectively bridged

TABLE 12 Robustness tests (Pandemic era).

Variables FGLS FE

Coefficient Standard error Coefficient Standard error

EGi,t 0.256*** 0.076 −0.015 0.123

GEi,t 0.059 0.042 0.001 0.008

GIi,t −0.062*** 0.020 0.002 0.003

TDi,t 2.078*** 0.582 0.006 0.109

GFi,t 0.035 0.076 −0.037 0.040

EPi,t 0.067 0.075 −0.601*** 0.014

GBi,t −1.678*** 0.587 −0.114 0.250

Constant −3.117 2.973 2.448 1.672

Wald test/F-stat 112.900*** - 10.910*** -

Note: Statistical significance levels are represented as *** for p <1%, ** for p <5%, and * for p <10%. The dependent variable in this analysis is ecological deterioration (ED).

TABLE 13 Granger-causality analysis.

Null hypothesis F-Stat. P-value Causal direction

EP → ED 1.651** 0.021 Unidirectional

ED → EP 0.468 0.178

GB → ED 1.114 0.343 Unidirectional

ED → GB 2.648* 0.060

GE → ED 0.524** 0.034 Unidirectional

ED → GE 1.049 0.365

GF → ED 1.682** 0.021 Bidirectional

ED → GF 0.755** 0.013

GI → ED 1.583* 0.083 Unidirectional

ED → GI 0.323 0.236

TD → ED 0.140*** 0.008 Bidirectional

ED → TD 2.922** 0.045

EG → ED 2.591** 0.024 Bidirectional

ED → EG 0.177* 0.093
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applied research and green technology commercialization. Lessons
from Sweden and Finland, which emphasize mission-driven
innovation funding, should be replicated through tailored
national innovation strategies that align R&D with climate goals.

Second, while green finance showed mixed impacts, the
observed bidirectional causality with environmental outcomes
underscores the need for explicit green financial taxonomies and
regulatory incentives. Countries like France and the Netherlands
have advanced green bond frameworks and sustainability-linked
lending benchmarks, which can serve as blueprints for others.
Policies should focus on de-risking green investments, mandating
environmental disclosures, and mobilizing private sector capital
toward climate-aligned sectors.

Third, the limited yet occasionally significant impact of
ecological policies calls for enhancing not only policy stringency
but also implementation efficiency. Successful models like
Denmark’s environmental performance contracts and Japan’s
voluntary corporate compliance schemes can be adapted to suit
other OECD economies with different governance capacities.
Enforcement must be matched with monitoring infrastructure
and transparent compliance metrics to ensure policy effectiveness.

Fourth, the environmental burden of technological
diffusion—especially post-crisis and during the
pandemic—suggests a need for greener digital transitions. Policy
frameworks should support low-energy digital technologies and
circular electronics value chains, drawing from the EU’s digital
sustainability regulations.

Finally, green energy, while expected to reduce ED, showed
mixed effects across periods. This signals a need for phased
renewable integration strategies that are coupled with grid
modernization, storage infrastructure, and fossil phase-out
timelines, exemplified by Spain’s just transition framework and
Canada’s clean energy incentives.

In sum, the study advocates for differentiated, evidence-backed
policies rooted in successful OECD practices. These measures
should be dynamically aligned with SDG targets, particularly
Goals 7 (affordable and clean energy), 9 (industry, innovation,
and infrastructure), 12 (responsible consumption and
production), and 13 (climate action). By combining policy
stringency with innovation pathways and financial alignment,
OECD countries can lead a credible and scalable ecological
transition.

5.2 Constraints of the research

While the current work offers meaningful perceptions into the
ecological impacts of green strategies and globalization across
34 OECD countries from 1990 to 2022, several limitations
warrant careful consideration.

First, the analysis is restricted to OECD countries, which
represent a relatively homogeneous group of high-income
economies. This limits the generalizability of the findings to
developing countries, where institutional capacities, resource
endowments, and economic structures differ significantly.
Moreover, the study does not consider within-OECD
heterogeneity, such as differences in income levels, industrial
structures, or natural resource dependency, which may influence

how green policies and globalization affect environmental outcomes.
Future research should disaggregate OECD samples or expand to
include non-OECD nations for broader applicability.

Second, the measurement of green innovation (GI) relies solely
on the number of environmental technology patents. While this
indicator captures formal innovation output, it does not reflect the
commercial application or real-world impact of these innovations.
This may lead to an overestimation of GI’s effectiveness in
improving environmental outcomes. Incorporating alternative
indicators, such as patent citations, innovation adoption rates, or
environmental R&D expenditures, could enhance the robustness of
future analyses.

Third, the proxy used for green finance (GF)—domestic credit to
the private sector as a share of GDP—does not distinguish between
green and non-green financial flows. This dilutes the precision of the
measure and may obscure the specific role of financial mechanisms
in supporting sustainability transitions. More targeted indicators,
such as the volume of green bonds issued, green loans, or ESG-
aligned capital flows, would better capture the essence of green
finance, although such data are not yet uniformly available across
countries and time.

Finally, while the model controls for key econometric concerns
and includes robustness checks, some variables may suffer from
measurement limitations or temporal lag effects, especially during
the pandemic era when structural disruptions were highly nonlinear.
The short time frame for that sub-period also constrains the
reliability of dynamic estimates.

Addressing these limitations in future research—through
refined indicators, expanded geographical coverage, and greater
temporal granularity—will strengthen the analytical depth and
policy relevance of studies in this domain.

5.3 Prospective research avenues

Building on the limitations identified, several directions emerge
for future research to deepen and refine understanding of the
environmental impacts of green strategies and globalization,
particularly within diverse national contexts.

First, future studies should aim to expand the geographical scope
beyond OECD countries to include developing and emerging
economies. This would enable comparative analysis across
varying institutional capacities, environmental vulnerabilities, and
economic structures, thereby enhancing the global relevance of
policy insights. Including low- and middle-income countries
could also reveal differentiated pathways for sustainable
development under resource and regulatory constraints.

Second, there is a clear need to capture intra-group
heterogeneity among OECD nations. Future research could
stratify countries by income levels, natural resource endowments,
or industrial composition to assess whether the effects of green
innovation, finance, and policy differ significantly across sub-
groups. This stratified approach would yield more context-
sensitive recommendations and help identify best practices
adaptable to specific national profiles.

Third, refinement of indicator selection is critical. The current
reliance on environmental patents as a proxy for green innovation
should be complemented with metrics that reflect innovation impact
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and adoption, such as patent citations, technology diffusion rates, or
sector-level innovation outcomes. Similarly, replacing or
augmenting the green finance measure with explicitly green
instruments—such as green bond issuance, sustainable loan
portfolios, or ESG-based financial indices—would provide a more
accurate picture of financial contributions to environmental goals.

Fourth, future analyses should incorporate nonlinear effects and
threshold dynamics, particularly around policy stringency, trade
openness, and digital expansion. Advanced techniques such as panel
threshold regression or machine learning models can uncover
tipping points or diminishing returns in environmental responses
to policy or economic variables.

Finally, the temporal scope should be extended in future updates
to capture post-pandemic trajectories and emerging structural shifts
in the global green economy. As green recovery packages, digital
transitions, and climate targets intensify, updated data will be crucial
for evaluating the long-term efficacy of current strategies and
informing adaptive policymaking.

In sum, future research should pursue greater inclusivity,
precision, and methodological innovation to fully capture the
evolving complexity of ecological sustainability in a globalized
and transitioning world.
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