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W N e

Abstract: Rapid urbanization and economic growth in OECD member nations have intensified
environmental challenges, notably the rise in carbon dioxide (CO,) emissions. Despite significant
research on urbanization and growth, there is little knowledge of how these factors interact with
green innovation to affect CO, emissions. This study addresses this gap by exploring the impacts
of urbanization, green innovation, and green growth on CO, emissions in OECD countries. Using
panel data analysis from 1996 to 2022, this study employs a robust econometric approach, including
the Breusch-Pagan and Pesaran tests for cross-sectional dependency, the CIPS unit root test, and
cointegration tests by Kao and Westerlund. The results confirm the complex interrelations of the
variables by revealing notable cross-sectional dependence and heterogeneity among them. Both
the Driscoll-Kraay and System GMM estimations demonstrate that green growth (GreG) and green
innovation (GrI) significantly reduce CO, emanations, while urbanization (U) has a notable inverse
effect. Renewable energy consumption (REnC) also contributes to lower pollution emanations,
whereas energy consumption (EnC) and natural resource dependency (NrD) worsen environmental
degradation. The study emphasizes the need for green economic policies and innovations to slow
climate change, support sustainable growth, and improve environmental quality.
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1. Introduction

Contemporary economies depend on an unstoppable economic growth engine driven
by technology breakthroughs and globalization [1,2]. However, this progress casts a long,
dark shadow on our environment because as economies rapidly expand, concerns about
sustainability, shortages of resources, and overall environmental health rise [3,4]. The main
reasons include climate change and the greenhouse gas emanations that are increasing
continuously due to our growing energy and resource demands [5,6]. An especially
concerning trend is the notable rise in carbon dioxide (CO,) emanations, a significant
contributor to environmental deterioration and a threat to the world’s ecosystems [7,8].
The world’s CO, emanations have increased from 24.25 billion tons in 1996 to an enormous
37.15 billion tons in 2022, a 54% increase (OECD). Hence, this exponential growth severely
constrains environmental preservation and sustainable development.

Developed nations’ continuing urbanization and economic activity are worsening en-
vironmental issues, often linked to increased energy consumption, environmental damage,
and carbon dioxide emanations [9]. The combustion of fossil fuels was the primary source
of carbon dioxide (CO;), which accounted for 71.6% of all greenhouse gas emanations in
2022 (EDGAR). Nevertheless, there is potential because of the expanding green innovation
and the growth sector, which presents possible fresh strategies for addressing these pressing
environmental issues.
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The impact of urbanization on the environment is a complex issue. Despite much
research investigating it, there has not been agreement on this link [10,11]. Previous research
has yielded conflicting results, highlighting the intricate nature of the urban—-environment
association. Urbanization can have both beneficial and harmful environmental impacts.
On the one hand, urbanization can contribute to environmental destruction by instigating
the consumption of fossil fuels and rising demand that stems from the need for housing,
public infrastructure, and transportation [12].

Yasin, Ahmad and Chaudhary [10] also argue that urbanization leads to higher energy
consumption, which can exacerbate environmental problems. Conversely, others contend
that urbanization may benefit the environment as well. The sustainable use of land, urban
agglomerations, and public infrastructure may all help to improve the environment [13,14].
Urbanization can also reduce private vehicle usage and shorter travel distances, mitigating
CO; emanations [15].

The pressing need to balance economic expansion with environmental sustainability
has led to a growing emphasis on green growth and innovation. Green growth aims to
minimize ecological effects and resource depletion in the pursuit of economic prosperity. It
emphasizes fostering economic growth and development while preventing environmental
degradation, loss of biodiversity, and unsustainable use of natural resources [16]. However,
green innovation creates new business initiatives, technologies, and procedures that advance
environmental sustainability. Green innovation aims to address environmental challenges
while driving economic growth and enhancing the quality of life [2].

For many compelling reasons, this research concentrates especially on OECD nations.
Even though they comprise just 17.3% of the world’s population, OECD members account
for a disproportionate amount of world economic activity. While making up around 46%
of the world’s GDP in 2021 (US Department of State), they used about 38.8% of the planet’s
primary energy. Moreover, significant sectors of their economies—energy, transportation,
and manufacturing—contribute to greenhouse gas emanations. For instance, 34% of the
carbon emanations from energy use worldwide are attributed to the OECD countries
(BP Statistical Review of World Energy, 2023). Given the concentration of emanations and
economic power within a small demographic group, the OECD is an essential region to
research regarding green growth and innovation.

By concentrating on OECD nations, we can look at how urbanization, economic devel-
opment trends, and environmental concerns interact in a context that significantly impacts
the world environment. Knowing how these elements interact and affect environmental
eminence inside the OECD will help us obtain the necessary knowledge to use in other
areas dealing with comparable issues.

Understanding how green innovation can moderate the ecological impact of green
growth and urbanization in OECD countries is crucial for several reasons. First, OECD
nations carry tremendous economic power over the world. Other countries can learn
from their success in decarbonizing their economy while retaining economic development.
Second, the complicated interplay between urbanization and environmental results in
OECD nations might give valuable insights into areas experiencing fast urbanization.

By examining these objectives, the study seeks to contribute new insights into how
green innovation can influence the environmental outcomes of urbanization and green
growth in OECD countries. This method offers a more sophisticated view of how these
variables interact and how their combined effect affects CO, emissions, a topic that has
not received enough attention in the literature. Hence, this study aims to investigate the
moderating role of green innovation on the relationship between urbanization and carbon
dioxide emissions. Additionally, the study seeks to explore whether green innovation
amplifies the positive environmental effects of green growth by examining the moderating
influence of green innovation on the relationship between green growth and carbon dioxide
emissions in OECD nations from 1996 to 2022.

While previous research has explored the independent effects of green growth, ur-
banization, and green innovation on environmental outcomes, the novelty of this study
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lies in its focus on the interplay between these factors. Limited research investigates how
green innovation can concurrently moderate the environmental impact of green growth
and urbanization. This study fills the gap by looking at how, in the OECD nations, green
innovation could lessen the environmental stresses brought on by urban development and
economic growth. Additionally, by focusing on a specific group of economically influential
countries, this study can provide insights with broader applicability for regions facing
similar challenges of balancing economic growth with environmental sustainability.

The study is structured as follows: Section 2 presents the literature review, followed
by the theoretical framework and model specification in Section 3. Section 4 details the data
description and methodology, while Section 5 discusses the results and their implications.
The concluding section provides the conclusion and policy recommendations.

2. Literature Review

This section discusses how, in various nations and regions over time, multiple
factors—including green growth, urbanization, green innovation, energy consumption,
renewable energy consumption, and the depletion of natural resources—have either
improved or decreased environmental quality.

The emergence of the literature on green growth may be traced back to the global
monetary crisis 2008, with a predominant focus on its implementation in developed coun-
tries. To date, the fields of jobs, technology, innovation, and commerce are just a few
topics covered in the literature on green growth and the basic theoretical and diagnostic
types [17]. Sustainable development cannot be attained without green growth, which
may tackle economic and environmental sustainability [18]. According to Bank [19], green
growth is regarded as economically efficient and crucial for the future of less developed
nations. Green growth can yield substantial social and economic benefits [20]. In addition
to the advantages of green growth, Jouvet and de Perthuis [21] argue that the benefits of
green growth policies encompass resource efficiency, the recognition of natural capital in
economic calculations, the transformation of energy systems, and the implementation of
pricing mechanisms for externalities related to the environment. While many countries
share similar green growth development objectives, it is essential to note that the precise
strategies employed by each country for achieving green growth vary [19,22].

The efficacy of green innovation in the growth environment model for mitigating
CO; emanations, conserving energy, and fostering economic growth has been widely ac-
knowledged [2,23-26]. The literature suggests a positive correlation between financial
development and energy consumption, explicitly concerning fossil fuels, which has neg-
ative environmental implications [27,28]. Solarin and Bello [29] suggest that advancing
energy technology substantially reduces CO, emanations and promotes environmental
sustainability. Saqib, Usman, Ozturk and Sharif [26] examined the top ten countries with
the most significant ecological footprint from 1990 to 2019 and discovered that environmen-
tal innovations, green growth, and renewable energy positively influence environmental
quality, while financial expansion and non-renewable energy use harm the environment.

Sadiq et al. [30] investigated BRICS nations from 2001 to 2020, and by utilizing the
cross-sectional autoregressive distributed lag (CS-ARDL) technique, showed that green
financing, eco-innovation, renewable energy production, renewable energy consumption,
and carbon taxes had a negative influence on CO, emissions. Huang [31] investigated the
influence of natural resources, innovation, globalization, and green development on BRICS
nations between 1990 and 2021. Results indicate that globalization harms green growth,
even when natural resources, financial development, and R&D support it.

Individuals from various locations are migrating from rural to urban areas to pursue eco-
nomic prospects and societal well-being, a phenomenon commonly referred to as urbanization.
Extensive empirical research has been conducted to examine the effects of urbanization on
environmental quality, encompassing many social classes and nations. The findings indicate
that urbanization can benefit and harm carbon emanation. A study by Sharma [32] determined
that urbanization positively impacts wealth rather than carbon emanations. This conclusion
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was drawn from an analysis of sixty-nine nations from 1985 to 2005. The results show that
energy use, trade openness, and GDP per person positively affect CO, emanations, but urban-
ization has a negative impact. The study by Martinez-Zarzoso and Maruotti [33] examines the
correlation between urbanization and CO, emanations and presents an alternative perspective
on the threshold. A relationship with an inverted U shape was discovered, indicating that
carbon emanations become negative when urbanization reaches a certain degree and remains
constant outside that. Hanif [34] demonstrated that the rise in carbon emanations can be
attributed to the substantial influence of energy use and urbanization. Between 1996 and 2016,
Yasin, Ahmad and Chaudhary [10] investigated the effects of financial development, political
institutions, urbanization, and trade openness on CO, emissions in 59 developing nations.
The findings indicate that while commerce and institutions positively affect environmental
quality, financial development, urbanization, and energy usage deteriorate it. The report
recommends institutional reforms and incorporating environmental concerns into financial
policies to reduce pollution and promote long-term growth.

In contrast, Poumanyvong et al. [35] conducted a comprehensive analysis of data from
99 nations spanning the years 1975 to 2005 to examine the impact of urbanization on energy
consumption and carbon dioxide emanations. According to the results, various forms of
development exhibited distinct effects on energy consumption and CO, emanations because of
urbanization. Urbanization has a favorable influence on carbon emanations across all income
groups, but it is most pronounced in middle-income nations. Furthermore, Yasin, Ahmad and
Chaudhary [8] studied the impact of financial development, urbanization, trade openness,
political systems, and energy use on ecological footprints (EF) in 110 nations between 1996
and 2016. The findings confirm the EKC hypothesis, demonstrating that energy consumption
reduces EF, while political institutions, trade openness, and urbanization improve it.

The correlation between carbon dioxide emanations and the utilization of renewable
energy sources has been extensively studied. Azam et al. [36] conducted a study examining
Sub-Saharan African countries between 1960 and 2017. Evidence of a bidirectional associ-
ation between renewable energy consumption and economic growth was found in these
economies. Saadaoui [37] conducted a study on nineteen industrialized and developing na-
tions and observed a correlation between CO, emanations and the utilization of renewable
energy. Their findings showed that using renewable energy reduced CO, emanations.

Additionally, in the context of 25 African economies, Abou Houran and Mehmood [38]
found that renewable energy harmed CO, emanations. The study conducted by Das et al. [39]
revealed a negative correlation between renewable energy consumption and carbon dioxide
emanations in the MINT countries, namely Mexico, Indonesia, Nigeria, and Turkey. Numerous
research, such as the study conducted by Sheraz et al. [40], have provided evidence of the
adverse consequences of renewable energy consumption.

The degradation of environmental quality is a consequence of high energy use, as conven-
tional energy sources emit greenhouse gas emanations into the atmosphere. Much research
has been conducted on the relationship between energy use and carbon dioxide emanations.
Omri [41] analyzed the economic expansion, energy consumption, and environmental degrada-
tion of the MENA region between 1990 and 2011. The research revealed that energy regulations
significantly influence the correlation between the two variables. The research undertaken by
Soytas and Sari [42] presents more empirical support for the causal relationship between energy
consumption and CO; emanations in Turkey during the period spanning from 1960 to 2000.
In their study examining the correlation between real GDP, energy consumption, and carbon
dioxide emanations in 12 MENA countries from 1981 to 2005, Arouri et al. [43] established the
existence of a bidirectional causality between carbon emanations and energy consumption. In
the same vein, Hilaire et al. [44] have shown that energy consumption and economic growth
have a considerable impact on CO; levels both in the short and long term.

The impact of natural resources on ecological sustainability was investigated by Sun
et al. [45]. Empirical findings suggest that using natural resources may contribute to an
increase in pollution levels. Bekun et al. [46] used the PMG-ARDL approach to show that
natural resources were positively correlated with environmental pollution throughout
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a lifetime. Adebayo et al. [47] have identified natural resources as an essential factor
contributing to the rise in environmental pollution in newly industrialized nations by
incorporating MM-QR from 1990 to 2018. In their study, Kwakwa et al. [48] used the
STIRPT framework and the ARDL approach to examine the association between natural
resources and ecological pollution in Ghana from 1971 to 2013. Based on their research,
natural resources can elevate pollutant levels. Joshua and Bekun [49] have also shown that
natural resources substantially exacerbate environmental contamination.

These findings support two specific hypotheses. H1: Green innovation moderates the
relationship between urbanization and carbon dioxide emissions, reducing the adverse
environmental impact. H2: Green innovation moderates the relationship between green
growth and carbon dioxide emissions, increasing the beneficial environmental impact
of green growth. Furthermore, The Environmental Kuznets Curve (EKC) hypothesis
supports the idea that economic growth initially leads to environmental degradation, but
beyond a certain level of income, the relationship reverses as societies invest in cleaner
technologies [8,50]. Additionally, the Diffusion of Innovations Theory explains how new
ideas and technology spread, which in the context of green innovation, suggests significant
potential for reducing emissions [51].

Although the relationship between green innovation and CO, emissions is well-
documented, its role as a moderator in the interaction between urbanization and CO,
emissions has not been thoroughly investigated. Furthermore, while the benefits of green
growth are established, the interaction between green innovation and green growth and its
effect on CO, emissions remains unexplored.

This research aims to contribute new insights into how green innovation can influence
the environmental outcomes of urbanization and green growth in OECD countries. By
examining these hypotheses, the study seeks to provide a more sophisticated view of how
these variables interact and their combined effect on CO, emissions, a topic that has not
received enough attention in the literature.

By examining these hypotheses, the study seeks to contribute new insights into how
green innovation can influence the environmental outcomes of urbanization and green
growth in OECD countries. This method offers a more sophisticated view of how these
variables interact and how their combined effect affects CO, emissions, a topic that has not
received enough attention in the literature.

3. Material and Methods

The main objective of this research is to assess the effect of green growth, green
innovation, and urbanization on carbon dioxide emanations across 38 OECD economies
from 1996 to 2022.

3.1. Theoretical Framework and Model Specification

Identifying IPATs is the predominant approach for studying the impacts of human
activities on ecological systems. The IPAT model, which stands for impact = population
x affluence x technology, was first introduced by Holdren and Ehrlich [52] during the
early 1970s. Subsequently, it evolved into a significant forum for examining environmental
issues. While IPAT is a reliable and economical approach that can quickly identify the
main factors contributing to climate change, it does possess many constraints. The IPAT
model fails to account for the non-proportional or non-monotonic influences of the primary
environmental factors. In their seminal work, Dietz and Rosa [53] proposed the concept
of STIRPAT, a framework that encompasses the examination of stochastic influences on
population (P), affluence (A), and technology (T) using regression analysis.

STIRPAT is an enhanced IPAT identity that preserves the fundamental characteristics
of the IPAT framework while mitigating its limitations. The STIRPAT model has recently
seen an explosion of applications for investigating the factors that influence environmental
quality. As an illustration, specific scholarly investigations have extended the STIRPAT
model to encompass renewable energy. In contrast, others have directed their attention
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towards government efficacy, urbanization, and industrialization [54], trade openness [55],
immigration and human capital [56], and nuclear energy [57], among other variables.
The STIRPAT model has been extended to include green growth, green innovation, and
urbanization, relying on the existing body of research. Furthermore, we have included
several other variables, including renewable energy sources, energy consumption, and
depletion of natural resources. This study, therefore, incorporates the STIRPAT model to
analyze the impacts of these factors on environmental quality, whose transformed and
logarithmic form is exhibited as follows. Equation (1):

Inljj=a+0dnP;+>nAy+wnTy+71 (1)

The proposed model, Equation (1), can quantify the environmental impacts of in-
dependent variables while maintaining the multiplicative structure of the standard IPAT
framework and allowing for variable elasticities. Finally, following Yasin, Ahmad and
Chaudhary [10], Shu, et al. [58], and Lin, Wang, Marinova, Zhao and Hong [54], the
STIRPAT model can be extended as follows. Equation (2):

In CEj; = &g + tIn GreG;; + nln Grli + QIn Uy + ¢ InNREnC;; + BIn EnCj +

0 InNrDj;+ €5 Modell @
In this case, CE denotes carbon dioxide emanations, and the other variables are
urbanization (U), natural resource depletion (NrD), renewable energy consumption (REnC),
energy consumption (EnC), and error term (¢). The normality difficulties in the data were
addressed by applying the natural logarithm to all variables [59].
We have used the interaction terms as shown in models 2 (Equation (3)) and 3 (Equation (4))
below to examine the moderating influence between (Grl*U) and (GrI*GreG):

In CEj; = &g + tIn GreG;; + miln Grl;; + QIn Uy, 4 ¢ InREnG;; + BIn EnC;+

©)
o InNrDy; + (In Grly; * In Uy )+ €3 Model2

In CEj; = &g + tIn GreG;; + miln Grlj; + QIn Uj; 4 ¢ InRenC;; 4 BIn EnC;+

4
0 InNrDj; + ¥(In Grl; % In GreGy )+ €;, Model3 @)

3.2. Data Description

To indicate environmental deterioration in this research, CO, emanations have been
employed. The following factors are considered independent variables: green growth,
urbanization, green innovation, energy consumption, consumption of renewable energy,
and depletion of natural resources. Green growth describes building a sustainable, equi-
table, and economically robust economy. Its stated goals are to increase economic activity,
decrease emanations of greenhouse gases, protect natural resources, and improve social
welfare [60]. In this research, environmentally adjusted multifactor productivity growth
is used as a measure of green growth. Creating and using novel technology, procedures,
and goods that benefit the environment is called “green innovation”. Indicators such as the
amount of investment in clean technology, the number of patents filed for eco-friendly inno-
vations, and the adoption of sustainable business practices by enterprises are typically used
to determine the degree of green innovation [61]. This research estimates green innovation
by calculating the proportion of environment-related technologies relative to all other tech-
nologies. The urban population measures urbanization. The measurement of renewable
energy consumption is expressed as a percentage of the overall final energy consumption.
Oil, gas, coal, hydropower, wind, and solar are all renewable and non-renewable sources
that contribute to overall energy consumption [62]. The research uses kilograms of oil
equivalent per capita as a measure of energy consumption measurement. The measurement
of natural resource depletion encompasses the collective impact of mineral, energy, and net
forest loss. The World Development Indicators provide data on carbon dioxide emanations,
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urbanization, energy consumption, renewable energy consumption, and the depletion of
natural resources. The OECD provides data on green growth and green innovation. For
the convenience of our readers, we have included all the variables in Table 1, along with
descriptions and the anticipated signs of each.

Table 1. Variables: descriptions, symbols, and expected signs.

Variables

Representation Expected Sign

Carbon dioxide emanations

CE Carbon dioxide emanations (metric ton per person).

Environmentally adjusted multifactor productivity has been

Green growth GreG used to capture green growth.
. . Environment-related technologies (as % of all technologies)
Green innovation Grl . .
have been used to measure green innovation.
Urbanization U Urban population. +/-
Renewable energy REAC Renewable Energy Consumption (% of total final energy
consumption consumption).
Energy consumption EnC Itis ref(?rred to as energy consumption kg of oil equivalent
per capita.
Natural resource depletion NrD Depletion of natural resources is an outcome of the combined

effects of depleting minerals, energy, and net forest.

Note: CE is a dependent variable, so it does not have probable signs.

Green growth curbs carbon dioxide emanations because green growth facilitates eco-
nomic progress without burdening the Earth’s natural resources, a crucial need for maintaining
a robust ecological system [21]. Jacobs [63] argue that we may achieve our economic develop-
ment and environmental conservation objectives via green growth. Green innovation is crucial
in tackling the economic-environmental challenge by enhancing operational capabilities and
mitigating adverse environmental effects. Green innovation reduces pollution, promotes the
use of renewable energy sources, and increases efficiency in the use of resources. Efficient
energy utilization reduces CO, emanations while improving financial growth and environ-
mental quality via modern technologies [64,65]. Urbanization has a favorable influence since
it increases fossil fuel use, which drives energy demand [66,67].

On the contrary, conventional understanding posits that the expansion of urbanization
is often believed to exacerbate environmental contamination. Urbanization initially leads
to enhanced productivity because of economies of scale. Agglomeration in urban areas
leads to a reduction in total resource use. Growing urbanization reduces environmental
deterioration [68,69]. According to Saqib, et al. [70], the expected negative sign of renewable
energy consumption shows that investing in renewable energy improves environmental
circumstances. Carbon emanations are positively affected by both energy usage and the
depletion of natural resources. According to Khan, Khan and Muhammad [71], the decrease
in environmental quality that increases primary energy use is the reason for the positive
association between energy consumption and environmental deterioration. There is a
positive correlation between natural resources and carbon emanations because the ways
these resources are extracted are no longer sustainable, leading to more waste and higher
carbon emanations. Carbon emanations might rise because of mining and deforestation,
two forms of resource extraction. Furthermore, environmental degradation is caused by
the excessive use of natural resources, such as coal, petroleum, and natural gas, to meet
their energy demands [72,73].

3.3. Methodology

The methodology comprises many diagnostic tests, including cross-sectional depen-
dency tests and unit root tests. Kao panel cointegration and Westerlund cointegration tests
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are used to examine long-term relationships. Furthermore, regression analysis is conducted
using the Driscoll-Kraay and System GMM methods.

3.3.1. Cross-Sectional Dependence Tests

To ensure the integrity and dependability of the results, it is essential to precisely ascertain
and address the cross-sectional dependence that often impacts panel data. This phenomenon
occurs when there is a dearth of independence among the observations conducted within the
same cross-sectional units, such as countries. Usually, this problem is caused by some familiar,
unobserved characteristics that affect all units in diverse ways. To address this issue, we use
the Breusch-Pagan Lagrange Multiplier [74] and Pesaran scaled LM [75] tests to assess the
cross-sectional dependence among the variables under investigation.

The Breusch-Pagan LM test may be used even when the variances of the error com-
ponents differ across different cross-sections since it is robust to heteroscedasticity [76].
However, even at a deficient level of spatial correlation, the Pesaran scaled LM test remains
stable when there is little cross-sectional dependency. The Breusch-Pagan test is applicable
even in cases where the error terms exhibit variation across different cross-sections or
periods. Moreover, this technique can assess balanced and imbalanced panels [75].

3.3.2. Slope Heterogeneity Test

Panel heterogeneity pertains to systematic disparities or variances among individual
entities or units in panel datasets. It shows how the units’ characteristics, actions, or connec-
tions vary over the cross-section. Unobserved individual-specific components or variables
that impact the dependent variable give rise to heterogeneity. For this reason, we use the
autocorrelation- and heteroscedasticity-resistant heterogeneity test in our current investigation.
It is appropriate for cases when these assumptions may not be met since it does not presume
homoscedasticity or that the error terms do not exhibit serial correlation. The test statistic
converges to its actual value as the sample size rises, indicating consistency. The Blomquist—
Westerlund test allows for more credible inferences in panel data analysis by considering
cross-sectional dependency and individual-specific effects. By limiting panel heterogeneity,
this problem assists statistical analysis in capturing the underlying correlations [77].

3.3.3. Panel Unit Root Analysis

Academics use panel unit root tests to ascertain the stationarity of variables within a
panel data collection. They check for the presence of a unit root in the relevant variables. A
unit root indicates non-stationarity, which causes a stochastic trend to emerge and even-
tually settle to a stable mean. The current study checks the unit root using Pesaran’s [78]
cross-sectional augmented IPS (CIPS) test. To account for cross-sectional data, the CIPS
test adds new variables to the IPS test statistic to reflect the cross-sectional dependence.
Compared to the IPS test developed by Im, et al. [79], which produced skewed findings
due to its failure to account for cross-sectional dependency explicitly, this one is better.

3.3.4. Panel Cointegration

Panel cointegration tests may determine whether the variables of interest have a long-
run connection once stationarity properties have been established and the null hypothesis
of the unit root has been rejected. The Kao cointegration tests build upon the Engle-Granger
framework by testing for panel cointegration.

The first stage regressors for the Kao test specify the cross-sectional intercepts and
homogenous coefficients. The bivariate case study in Kao is as follows, Equations (5)—(7):

Yit = a1 + Prixat + €t (5)

Vit = Y1,6-1 1 it (6)
Xit = X1-1 + €t ()
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whereas t = 1., T; i = 1., N. According to Balsalobre-Lorente et al. [80], the first regression
analysis assumes that the variable a; is heterogeneous, the variable B; is homogeneous
across cross-sections, and all trend coefficients pi are set to zero.

The cointegration test proposed by Westerlund and Edgerton [81] incorporates the
consideration of cross-sectional dependency, as highlighted by Ali, Dogan, Chen and Khan [82].
This test encompasses four statistical measures: two-group statistics (G and G,) and two-panel
statistics (P; and P;). Under the null hypothesis of no cointegrating connection, this approach
computes four error-correction-based panel non-cointegration test statistics and accurately
predicts the cointegrating characteristics in a cross-sectionally dependent homogeneous panel
dataset [83].

The following is the test equation for each of the four statistics:

G = N*lﬁ ai )
~ SE(ai)
N Tai
_ —1
G,=N ; 2i(1) )
a
Pr=gE (a) (10)
P, =T, (11)

3.3.5. Driscoll-Kraay Standard Error

The next stage is to ascertain the long-run connection after the fundamental studies
of the panel data under investigation. The Driscoll-Kraay standard errors test was there-
fore used in this investigation. They are the ones who first created the Driscoll-Kraay
standard errors test. This estimator yields a robust and favorable outcome regardless of
missing values, heteroscedasticity, autocorrelations, cross-sectional dependency, balanced
or unbalanced panel data, or any other combination of these factors [84-86].

3.3.6. System Generalized Methods of Moment (SGMM)

When dealing with endogenous issues, GMM models are a popular dynamic approach.
System GMM and differential GMM are the two most common GMM models. System
GMM may improve measurement efficiency compared to the differential GMM model
because it addresses the difference and level equations as a system.

Consequently, the system GMM model was used to examine the impact of the depen-
dent variable on the independent or explanatory factors. To be more precise, the model is
described by the following:

Yir = ag +a1Yi 1 + Boexp;; +0Ci + € (12)

whereas Yj; stands for the explained variable and Yj;_1 for the first-order lag of the explained
variables; C;; stands for the control variables; and exp;, for the explanatory variables in this
research. The variable 1 denotes the individual fixed effects, whereas ¢;; represents the
random disturbance term. The stepwise application of tests and methods used in the study
is exhibited in Table Al in Appendix A.

4. Empirical Results

This research sought to investigate the long-term impacts of urbanization, green
innovation, and green growth on OECD member nations’ carbon dioxide (CO;) emanations.
Descriptive statistics are shown in Figure 1.
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Figure 1. Descriptive statistics.

Table 2 displays the findings of and for the cross-sectional dependency among the
relevant variables. Both tests reject the absence of cross-sectional dependency among the
variables. These findings confirm the existence of cross-sectional dependency within the
model. The existence of cross-sectional dependency is confirmed by the findings in Table 2;
thus, it is vital to examine the variables of interest for heterogeneity and unit-root features.

Table 2. Panel cross-sectional dependence analysis.

In CE In GreG In Grl InU In REnC In EnC In NrD
Pesaran [75] 69.038 @ 472552 17.034 2 69.3122 74.32122 11.757 2 38.9552
Breusch-Pagan LM 10,649 @ 3119.6 @ 4257.72 16,5192 10,577.82 5910.7 @ 3677.02
Pesaran scaled LM 265.26 @ 64.448 @ 94.802 2 421.812 263.352 138.88 2 79.313 4
Bias-corrected scaled LM 264.53 2 63.585 4 94.0102 421.072 262.622 138.152 78.553 @

Note: The symbols a is used to denote statistical significance level of 1%.

The unit root findings of the CIPS test conducted by Im, Pesaran and Shin [79] are
shown in Table 3. According to the findings, all other variables remain non-stationary at
level, but the GreG and EnC become stationary at that point. Conversely, the dependent
variable (CE) and all the other explanatory variables are stationary at the first difference.
These variables demonstrate first-order or I (1) integration, as shown by this evidence.

Table 3. Panel unit root analysis.

CIPS

In CE In GreG In Grl InU In REnC In EnC In NrD
@ Level —1.411 —3.9294 —1.647 —1.804 —1.962 —0.624 2 —1.823
A (FD) —4.6522 -5.7602 —4.3352 —3.429b —4.7192 —3.8384 —4.086 2

Note: The letters a and b stand for the 1% and 5% levels of significance, correspondingly.

The findings of the heterogeneity test are shown in Table 4. The findings indicate het-
erogeneity in the model and reject the null hypothesis of homogeneity. This demonstrates
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the intricate and dynamic character of the phenomenon studied and guarantees a broad
range of the 38 OECD nations.

Table 4. Slope homogeneity test.

Test Delta p-Value
A 16.838 0.0000
A adj. 21.158 0.0000

Table 5 displays the findings of the cointegration tests conducted by Kao [87] and
Westerlund and Edgerton [81] tests, which provide significant evidence against the null
hypothesis of no integration. Based on the findings of the cointegration tests, it can be
deduced that the variables InCE, InGreG, InGrI, InU, InREnC, InEnC, and InNrD demonstrate

a long-term association.

Table 5. Panel cointegration test.

Kao

Modified Dickey-Fuller t 1.4587 €
Dickey-Fuller t 2.0471%
Augmented Dickey-Fuller t 3.0859 P
Unadjusted modified Dickey-Fuller t —1.9724 2
Unadjusted Dickey-Fuller t —0.6095
Westerlund

Variance Ratio —1.3581 ¢

The letters a, b, and ¢ correspondingly represent the 1%, 5%, and 10% significance levels.

Table 6 illustrates the results of the tests conducted using the Driscoll-Kraay standard
error estimator and System GMM (to ensure the findings are robust). Both types of tests
give comparable results.

Table 6. Driscoll-Kraay and System GMM regression estimations.

Driscoll-Kraay (DKra) System GMM (SGMM)

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3
In GreG —0.0021 —0.0002 @ —0.0023 2 —0.0027 2 —0.00252 —0.01102
In GrI —0.02212 —0.01742 —0.02142 —0.0640 2 —0.0464 2 —0.0653 2
InU —0.02152 0.2400 2 0.21834 0.1158 2 0.0802 @ 0.1101°2
In REnC —0.09142 —0.0916 @ —0.0908 @ —0.0816 2 —0.11802 —0.1082 2
In EnC 0.91374 0.9108 @ 0.91504 1.2364 2 1.17312 1.20052
In NrD 0.0080 @ 0.0078 @ 0.0071 4 0.02752 0.0280 4 0.03012
InGrI*InU —0.0025 2 —0.0009 @
In GrI * In GreG —0.0005 2 —0.0018 ¢
C —1.79512 —1.48472 —1.85572 —9.3099 2 —8.2254 2 —8.8460 2
Diagnostic Tests
Obs. 1026 1026 1026 1026 1026 1026
Cross Sections 38 38 38 38 38 38
AR (2) 0.721 0.803 0.334
Sargan 0.6851 0.784 0.736

Note: The letters a and c stand for the 1% and 10% levels of significance, correspondingly.

In all models of both approaches, the GreG exhibits a substantial negative connection
with CE at a significance level of 1%; however, in Model 1 of the DKra test, the link is
insignificant. The research conducted by Jouvet and de Perthuis [21] confirms the findings.
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Secondly, at the 1% significance level, the long-term association between Grl and CE is also
negative and noteworthy. The recent studies align with these findings. Moreover, a notable
positive correlation exists between urbanization, U, and carbon emanations, CE, consistent
with that of Yasin, Ahmad and Chaudhary [10] and Pata [88].

Finally, REnC has a negative impact on the CE in OECD nations. Consistent with our
findings, Saqib, Ozturk, Usman, Sharif and Razzaq [70] also found a negative correlation
between REnC and CE in their research. They claim that the goal of variable renewable
energy consumption is to lessen the degradation of the environment and advance sustain-
able development. Therefore, environmental conditions are improved when resources are
allocated to renewable energy. In contrast, CE is positively correlated with EnC and NrD
in all three models of both methods. The findings align with the research conducted by
Ahmed, Asghar, Malik and Nawaz [73] and Byaro, et al [89].

According to the results of the interaction term GrI*U in the second model for both
SGMM and DKra, green innovation helps lessen the harmful effects of urbanization. A
negative coefficient between green growth and innovation in the interaction term indicates
a synergistic impact in curbing carbon emanations. The results indicate that when green
growth strategies are combined with green innovation activities, the resulting cut in carbon
emanations is amplified beyond the combined effects of each strategy alone [90,91].

5. Discussion

The study has shown that green growth has beneficial effects on the environment,
i.e., it helps mitigate carbon emissions (CE). To ensure a sustainable future for all living things,
“green growth” has emerged as a means to expand economies without depleting their natural
resources. Jacobs [63] posits that the implementation of green growth has the potential to
effectively address both economic development objectives and environmental conservation
goals concurrently. According to Reilly [92], the primary objectives of green growth often
include economic development, job creation, and mitigation of environmental damage. Green
growth is paramount as it promotes the simultaneous advancement of ecological sustainability
and economic prosperity. Green growth has the potential to bring about significant social and
economic advantages; it is also generally believed to be economically sound and essential to
the stability of both developed and developing countries.

The research findings demonstrate that green innovation is effective in mitigating
environmental pressures. The fundamental reason for this is that Grl is essential for solving
the economic-environmental problem since it boosts operational capacities while reducing
environmental consequences. Grl reduces pollution, promotes the use of renewable energy
sources, and increases efficiency in the utilization of resources. Efficient energy utilization
enhances financial growth, reduces CO; emanations, and minimizes energy consumption
using innovative technologies [64,65]. Promoting green economic growth and green fi-
nancing strategies; enhancing environmental quality in OECD economies; facilitating and
transferring technology to green investment and trade; concentrating on research and devel-
opment, information and communication technology, biotechnology, and nanotechnology;
and implementing policies that support green innovation in international marketplaces are
all steps toward a more sustainable society. Nonetheless, OECD economies must prioritize
technological innovation to decrease emanations and environmental degradation.

Our findings confirm the hypothesis that urbanization has a damaging environmental
impact. This result aligns with the prevailing understanding that rapid urbanization often
leads to increased energy consumption, particularly from fossil fuels, to support the growing
population and economic activities within urban centers [88]. Industrialization, transportation,
and building construction, key components of urbanization, contribute significantly to CO,
emissions [93]. These findings underscore the urgent need for sustainable urban planning and
development strategies to mitigate the environmental impacts of rapid urbanization.

The rise in primary energy use has resulted in a deterioration of environmental
conditions. There is an increase in carbon emanation due to the increased waste produced
using unsustainable extraction techniques and natural resource exploitation. Energy use
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substantially influences CO, emissions, as shown by several studies [94,95]. Studies
suggest that using renewable energy leads to a decrease in CO; emissions while using
non-renewable energy sources increases emissions.

The research reveals that higher levels of natural resource depletion are positively as-
sociated with environmental degradation. Natural resource exploitation includes activities
such as mining and deforestation, which may lead to an increase in carbon emanations [89].
Natural resource depletion, which includes declining minerals, energy sources, and forest
areas, worsens CO, emissions via many interrelated pathways. The mining and burning
of fossil fuels and materials releases substantial amounts of carbon dioxide into the air.
Additionally, the absorption of CO, by the planet is further exacerbated by the reduction in
forest areas, which function as critical carbon sinks. In addition, meeting energy demands
through the excessive use of natural resources such as coal, petroleum, and natural gas
leads to environmental damage.

The negative coefficient of the interaction term between green innovation and urbanization
indicates that environmentally friendly inventions and practices may successfully mitigate the
typical rise in CO, emissions from urbanization, even when cities experience growth [91,96].
The finding aligns with our hypothesis that green innovation promotes solutions for sustainable
development in urban settings. The findings emphasize the crucial importance of green innovation
in advancing sustainable urban development. Increases in carbon emissions are a typical result of
rising energy consumption and resource demands brought on by rapidly growing metropolitan
areas. Incorporating sustainable practices and green technologies into urban planning and
development can alleviate these environmental factors.

A negative interaction term implies that these techniques are most effective when
applied together. This outcome supports the idea that making significant cuts in carbon
emanations necessitates an integrated approach that addresses both environment-friendly
green economic growth and sustainable technological innovations. A negative coefficient
in the interaction term between green innovation and green growth supports the second
hypothesis of the study and suggests that the combined implementation of both strategies
results in a more substantial decrease in carbon emissions compared to the separate impacts
of each approach. To maximize environmental benefits, this synergistic impact empha-
sizes how crucial it is to include green innovation in green development programs [97].
Innovative technology and sustainable practices may increase the effectiveness of green
growth programs in lowering CO, emissions. These projects seek to separate economic
development from environmental deterioration.

5.1. Theoretical and Practical Implications

This study contributes to the theoretical understanding of green innovation, green
growth and urbanization by demonstrating their effects on carbon emissions. The negative
interaction term between green innovation and urbanization supports the theory that
integrating sustainable technologies with urban development can mitigate environmental
impact. The negative coefficient of the interaction term between green innovation and green
growth indicates a synergistic effect where the combined implementation of both strategies
results in a more substantial reduction in carbon emissions compared to their individual
effects. This finding challenges the existing theories that often treat green innovation and
green growth as separate entities and underscores the importance of their integration.

Moreover, this research highlights the novelty of addressing urbanization’s environ-
mental impact through green innovation, a relatively underexplored area in the literature.
The study’s insights into the synergistic effects of green innovation and green growth
provide a new perspective on enhancing the effectiveness of environmental policies. This
theoretical extension suggests that green innovation is not only complementary to green
growth but is essential for maximizing environmental benefits.

Furthermore, the findings suggest that policymakers should prioritize green inno-
vation in urban planning to effectively mitigate carbon emissions. Practical applications
include implementing policies that encourage the adoption of renewable energy sources, in-
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creasing investments in green technologies, and integrating sustainability criteria into urban
development projects. By emphasizing the importance of integrating green innovation with
urban development and green growth, this study offers a comprehensive framework for
addressing environmental challenges, contributing novel insights and extending existing
theories in the field.

5.2. Limitations and Future Directions

This study is limited by the availability of data and the scope of the analysis. Additionally,
the cross-sectional nature of the data may not fully capture the dynamic interactions between
green innovation, urbanization, and environmental quality over time. Future research could
benefit from more comprehensive datasets and alternative methodological approaches to
validate and expand these findings. Future research should explore the long-term effects of
green innovation on urban sustainability and examine additional factors that may influence
the relationship between urbanization and environmental quality. Further studies could also
investigate the impact of specific green technologies on different urban settings and address
potential data limitations by incorporating time series analyses or case studies.

6. Conclusions and Policy Implications

This research aimed to examine the interconnected relationship between urbanization,
green growth, green innovation, and CO, emissions in OECD countries. The research used
panel data analysis from 1996 to 2022 and rigorous econometric methodologies to uncover
key findings.

The findings demonstrate that the implementation of green growth and green innova-
tion is essential in reducing CO, emissions. Green innovation moderates the link between
urbanization and its detrimental environmental effects. Furthermore, using renewable
energy sources contributes to reducing carbon emissions, but the utilization of energy and
the depletion of natural resources is what worsens the problem.

The results emphasize the significance of implementing environmentally friendly
regulations and encouraging innovative practices that prioritize sustainability in OECD
nations. Green technology regulations, sustainable city design, and renewable energy
infrastructure should be top priorities for governments.

This research enhances the current body of knowledge by presenting empirical evi-
dence of the complex relationship between urbanization, green growth, green innovation,
and CO, emissions in OECD countries. Nevertheless, additional research is necessary to
investigate the precise effects of various green technologies on various industries and to
evaluate the long-term trends in environmental sustainability and urbanization. Further-
more, comparative studies of OECD and non-OECD nations may provide helpful insights
into global environmental concerns and workable solutions.

Policymakers may adopt effective policies to prevent climate change and promote
sustainable development by comprehending the elements influencing CO, emissions in
industrialized economies.
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Abbreviations

ARDL Autoregressive Distributed Lag

CE Carbon Dioxide Emissions

CIPS Cross-sectionally augmented Im-Pesaran-Shin

CO, Carbon Dioxide

DKra Driscoll and Kraay

EDGAR  Emissions Database for Global Atmospheric Research

EnC Energy Consumption

GreG Green Growth

Grl Green Innovation

IPAT Environmental Impact (I), Population (P), Affluence (A), and Technology (T)
MENA Middle East and North Africa

NrD Natural Resource Depletion

OECD Organization for Economic Co-operation and Development
REnC Renewable Energy Consumption

U Urbanization

SGMM System Generalized Method of Moments
STIRPAT  Stochastic Impacts by Regression on Population, Affluence and Technology

Appendix A

Table Al. Stepwise application of tests and methods used in the study.

Step Test/Method Purpose
1 Breusch-Pagan LM and Pesaran Assess cross-sectional dependence
scaled LM tests among variables
2 Blomquist and Westerlund Account for panel heterogeneity and improve
heterogeneity test inference credibility
3 Pesaran’s CIPS test Check for stationarity and presence of unit roots
4 Kao and Westerlund cointegration tests ~ Determine long-run relationships among variables
5 Driscoll-Kraay standard errors test Provide robust regression results addressing

various panel data issues
Address endogeneity issues and improve

6 System GMM model .
measurement efficiency
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