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Governance and green innovation are essential factors in 

reducing greenhouse gas (GHG) emissions, a key objective in 

achieving sustainable development. This study aims to examine 

the effects of national governance and green innovation on GHG 

emissions in 38 OECD countries during the period 2002 - 2021, 

in the context of increasing environmental challenges. The study 

employs multiple panel data regression techniques, including the 

Ordinary Least Squares (OLS) regression model, the Fixed Effects 

Model (FEM), the Random Effects Model (REM), and the 

Feasible Generalized Least Squares (FGLS) model. Additionally, 

the authors conduct the Pesaran CD test to assess cross-country 

interdependence in pollution levels. To evaluate national 

governance, the study applies Principal Component Analysis 

(PCA) to synthesize six governance indicators: voice and 

accountability, political stability and absence of violence 

/terrorism, government effectiveness, regulatory quality, rule of 

law, and control of corruption. The REM results indicate that 

green innovation has a statistically significant and positive impact 

on reducing GHG emissions. Furthermore, the Decision Tree 

Regression identifies trade openness, urbanization, and green 

innovation as the most influential factors in reducing emissions, 

while national governance appears to exert the least influence. 

These findings suggest that although governance plays a 

supporting role, technological advancement and economic 

integration are more decisive in shaping environmental outcomes. 

This study contributes to the literature by integrating advanced 

regression techniques and multi-dimensional governance indicators, 

thereby offering empirical evidence to support the formulation of 

effective policy frameworks that promote green innovation, enhance 

environmental quality, and foster sustainable development. 

1. Introduction 

Climate change remains one of the most critical global challenges of the 21st century, 

posing significant threats to environmental sustainability, economic stability, and public health. 

Its primary driver is the sharp increase in greenhouse gas (GHG) emissions, mainly resulting 
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from industrialization, transportation, and continued dependence on fossil fuels 

(Intergovernmental Panel on Climate Change [IPCC], 2023). According to the World 

Meteorological Organization (2024), 2023 recorded unprecedented concentrations of carbon 

dioxide (CO₂), methane (CH₄), and nitrous oxide (N₂O), with CO₂ levels reaching 420.0ppm, 

representing a 151% increase compared to pre-industrial levels. These escalating emissions not 

only contribute to the acceleration of global warming but also exacerbate air pollution and 

increase health risks, particularly in developing countries (Huynh & Hoang, 2024). 

OECD countries, as highly industrialized economies with substantial energy demand, 

have been major contributors to global GHG emissions. Although these countries have made 

progress in environmental regulations and technological advancements, they still represent a 

significant share of global emissions. Between 1990 and 2007, emissions from OECD countries 

increased from 15.17 to 16.93 billion tons of CO₂ equivalent; however, they began to decline 

after 2007, reaching 15.44 billion tons by 2017 (Sun et al., 2022). Remarkably, this reduction 

occurred alongside continued economic growth, suggesting the possibility of decoupling 

emissions from GDP growth. This observation prompts a critical examination of the underlying 

causes of the observed trend. Among the most frequently cited determinants is green innovation, 

encompassing renewable energy technologies, carbon capture systems, and cleaner production 

processes. Recent studies indicate that advancements in green technology and the shift toward 

electrification, particularly in transportation, have significantly contributed to emission 

reductions and the development of circular economies (Sharif et al., 2023; Zhang et al., 2023). 

OECD countries have taken the lead in deploying such innovations, offering valuable insights 

for climate action (Wang et al., 2019). 

Furthermore, the quality of governance plays a significant role in determining emission 

outcomes. Effective governance, characterized by strong institutions, political stability, and 

stringent environmental regulations, enhances the implementation of green policies. Prior 

research indicates that both green innovation and governance play significant roles in mitigating 

emissions; however, their relative influence differs across national contexts. In specific contexts, 

technological advancements serve as the primary driver of emission reductions, whereas in 

others, institutional capacity plays the more decisive role (Puertas & Martí, 2021; Tsang & Kolk, 

2010; N. Zhang et al., 2024). 

Despite growing interest in the role of governance and green innovation, existing 

research presents mixed findings (Oduro et al., 2022). The effectiveness of these factors varies 

widely across countries due to differences in political systems, economic conditions, and 

institutional settings. For instance, while green innovation has been shown to reduce GHG 

emissions in developed nations, its success in creating or fossil fuel-dependent economies 

remains uncertain. Similarly, high-quality governance does not always lead to lower emissions, 

as its effectiveness often depends on national policy priorities and the structure of institutional 

frameworks (Ahmed et al., 2022). These variations underscore the need for a more 

comprehensive examination of how governance and green innovation interact within diverse 

national contexts. Moreover, most studies tend to focus exclusively on carbon dioxide (CO₂) 

emissions, while neglecting other significant greenhouse gases, such as methane (CH₄), nitrous 

oxide (N₂O), and hydrofluorocarbons (HFCs) (IPCC, 2023). This narrow focus limits the scope 

of climate change mitigation assessments, as a more comprehensive approach that includes 

multiple GHGs would provide a richer understanding of effective emission reduction strategies. 
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Additionally, while policy lessons from OECD countries are often regarded as valuable, 

their relevance and applicability to developing economies have not been sufficiently examined 

(Clifton & Díaz-Fuentes, 2014). Many studies also rely heavily on linear regression models, 

which may not adequately capture the complex, non-linear relationships between governance, 

innovation, and GHG emissions. These traditional methods often assume uniform effects across 

all observations, overlooking potential variations in influencing factors. By adopting advanced 

analytical tools, such as machine learning-based decision tree models, researchers can gain 

deeper insights into the dynamic and context-specific interactions among governance, green 

innovation, and emissions (Dixit & Gehlot, 2024). 

This study seeks to address these gaps by: (i) investigating the impact of national 

governance and green innovation on GHG emissions across OECD countries from 2002 to 2021; 

(ii) evaluating the relative importance of green innovation and national governance using 

Decision Tree Regression for panel data, which enables a more nuanced analysis of their 

interactions; and (iii) proposing theoretical and policy implications for strengthening national 

governance, promoting green innovation, reducing GHG emissions, and advancing sustainable 

development goals. The findings are expected to contribute to the existing literature on 

environmental governance and innovation, while supporting the development of more effective 

policy frameworks aimed at reducing emissions and promoting sustainable development at both 

national and global levels. 

2. Literature review and research model 

2.1. Foundational theories 

Ecological Modernization (EM) theory, first articulated in the early 1980s, offers a 

foundational framework for examining the interplay among economic growth, technological 

innovation, and state intervention in the pursuit of sustainable environmental outcomes 

(Spaargaren et al., 2020). At its core, EM theory challenges the traditional notion that economic 

development and environmental protection are inherently incompatible. It posits that ecological 

improvements can be pursued in tandem with economic growth, particularly through 

institutional reforms and technological innovations. EM theory highlights the vital role of 

national governments, not just as regulators, but as active agents of change. One of its main 

contributions is the emphasis on collaboration among government, business, and civil society. 

Yan et al. (2023) note that public policies play a crucial role in encouraging investment in green 

technologies, while Muscat et al. (2021) emphasize that coherent and well-implemented policy 

frameworks are essential for achieving positive environmental outcomes. Over time, EM theory 

has broadened its focus from technological solutions also to include cultural and community 

engagement, thereby providing a more comprehensive basis for sustainable development. In this 

study, EM theory serves as a valuable lens for examining how governments can promote green 

innovation and lower emissions through institutional support. 

Institutional theory offers insights into how both formal structures (such as laws and 

regulations) and informal factors (like social norms and cultural beliefs) shape behaviors in the 

economic and environmental spheres. This theory is beneficial for exploring how different 

forms of governance influence green innovation and emission reductions (Jepperson & Meyer, 

2021). Institutions operate at various levels, from informal cultural norms to formal regulatory 

frameworks, guiding transitions toward sustainability (Ebrahimi & Koh, 2021). Institutional 

theory is generally divided into four main approaches. Rational choice institutionalism sees 

institutions as sets of rules that lower transaction costs and shape incentives. Historical 
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institutionalism focuses on how past institutional decisions affect current policies (Faundez, 

2016). Sociological institutionalism examines the influence of social values on environmental 

behavior, while discursive institutionalism considers how language and public debate drive 

institutional change (Andrews-Speed, 2016). Institutions can foster green innovation through 

formal mechanisms, such as carbon pricing and renewable energy standards, as well as through 

informal influences, including public opinion and social movements. Key factors driving green 

innovation include energy policy, resource allocation, and social support, all of which can 

improve both environmental and organizational outcomes (Huang & Li, 2017). Nevertheless, 

resistance to change within institutions often poses challenges to green innovation. However, 

external shocks or crises can disrupt established systems, opening windows of opportunity for 

reform and sustainable transformation (Ansell et al., 2016). 

In summary, EM theory and institutional theory offer complementary theoretical 

foundations for understanding the drivers of environmental performance. EM theory emphasizes 

the role of governance and public policy in enabling green innovation and reconciling economic 

development with ecological sustainability. Institutional theory extends this view by incorporating 

the influence of both formal institutions and informal institutions on the implementation and 

effectiveness of environmental strategies. Together, these frameworks inform the core proposition 

of this study: that national governance and green innovation interact within institutional contexts 

to shape greenhouse gas emission trajectories across OECD countries. 

2.2. Previous related studies 

2.2.1. National governance and GHG emissions  

The relationship between governance quality and GHG emissions has received 

considerable scholarly attention in the context of global climate change (Goud, 2022; Lin & 

Okoye, 2023; S. Zhang et al., 2024). Many studies have shown that good governance can play an 

essential role in reducing GHG emissions, while also mentioning the potential negative impacts 

of governance in some specific contexts. Drawing from the existing literature, these findings can 

be broadly categorized into two strands: one emphasizing the positive effects of governance on 

emission reduction, and the other acknowledging its potential negative consequences. 

High-quality governance, encompassing transparency, accountability, corruption 

control, and institutional strength, has been widely recognized as a key determinant in reducing 

greenhouse gas (GHG) emissions. Empirical evidence from N. Zhang et al. (2024), focusing on 

China’s oil and gas sector, demonstrates that political stability, institutional quality, and 

renewable energy development significantly contribute to lowering CO₂ emissions and fostering 

sustainable development. Similarly, Lin and Okoye (2023), examining 35 high-income 

countries from 1996 to 2020, found that good governance not only reduces GHG emissions but 

also facilitates the expansion of renewable energy, highlighting a feedback mechanism in which 

clean energy advancement further reinforces governance quality. Beyond national-level 

institutions, corporate governance has also been shown to influence emission outcomes. Goud 

(2022) identified that governance attributes at the firm level - such as board size, gender 

diversity, and the independence of environmental committees - positively affect carbon 

reduction efforts. Supporting this view, Danish and Ulucak (2020) showed that institutional 

quality enhances environmental performance in APEC countries without compromising 

economic growth. Moreover, Long and Feng (2024) confirmed that improvements in national 

ESG (Environmental, Social, and Governance) performance, particularly in the environmental 

dimension, are strongly associated with significant reductions in GHG emissions. 
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Nevertheless, the effectiveness of governance is not always consistent. Oyewo et al. 

(2024), based on data from 32 countries over 15 years, found that while indicators such as 

corruption control and accountability reduced emissions, other dimensions - such as political 

stability and government effectiveness - were associated with increased emissions in specific 

contexts. These discrepancies often reflect governance structures that prioritize short-term 

economic growth over long-term environmental objectives. Similarly, Aziz and Sarwar (2023), 

in a case study of Saudi Arabia, reported divergent effects: control of corruption promoted 

sustainable growth, whereas government effectiveness appeared to hinder emission reductions, 

especially in the short term. These findings underscore the context-dependent nature of 

governance impacts. In addition, Boyce and He (2022) modeled the influence of political, socio-

economic, and meteorological variables on GHG emissions in Canada, concluding that 

governance accounted for only a modest share of variation (4.8%) compared to socio-economic 

factors. However, significant interactions were observed between governance and other 

determinants. This suggests that governance alone may be insufficient for achieving emission 

reductions without complementary support from technological advancement and economic 

transformation. Furthermore, Qi et al. (2024) highlighted the fragmented and often contradictory 

nature of global governance frameworks for black carbon emissions, arguing that the lack of 

effective coordination and monitoring mechanisms continues to constrain mitigation efforts.  

Overall, the quality of governance has a significant impact on reducing GHG emissions. 

Still, the extent and nature of this impact depend on the political, economic, and social context 

of each country. 

2.2.2. Green innovation and GHG emissions 

As climate change poses an escalating threat to global sustainability, reducing 

greenhouse gas (GHG) emissions has become a central objective in development strategies. 

Green innovation, broadly defined as the development and diffusion of environmentally 

sustainable technologies and practices, has emerged as a key mechanism for transitioning from 

fossil fuel dependence to a low-carbon economy. 

A growing body of literature has explored the relationship between green innovation and 

GHG emissions, with findings generally falling into two strands: those highlighting its emission-

reducing potential and those identifying contextual limitations. Empirical evidence strongly 

supports the mitigating effects of green innovation. Puertas and Marti (2021) found that eco-

innovation, CO₂ productivity, and environmental policies significantly contributed to emission 

reductions in OECD countries between 2011 and 2018. Similarly, Miśkiewicz (2021) reported 

that a 1% increase in green patents corresponded to a 0.28% - 0.46% decline in emissions across 

the Visegrád countries. Technological advancements in renewable energy, such as solar, wind, 

and hydropower, have played a central role in replacing fossil fuels (Sharif et al., 2023; Zhang et 

al., 2023), while innovations in energy storage have enhanced the integration of intermittent 

sources into the grid. In the industrial sector, Carbon Capture and Storage (CCS) and cleaner 

production processes have significantly reduced emissions. Circular economy practices and the 

use of sustainable materials further contribute by lowering emissions from resource extraction and 

processing. Collectively, these innovations support progress toward net-zero emission goals. 

However, several studies caution that the effectiveness of green innovation is context-

dependent. Koçak and Ulucak (2019) found that while renewable energy R&D holds substantial 

potential, its outcomes vary. In some cases, investments in nuclear energy R&D may be 

counterproductive due to opportunity costs and operational inefficiencies. Fernández et al. 

(2018) observed that although R&D contributed to CO₂ reductions in the EU and the U.S., it led 
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to increased emissions in China, where fossil fuel reliance and heavy industrial structures 

constrained innovation outcomes. Huang et al. (2021) further identified systemic barriers, such 

as entrenched economic models and inconsistent policy support, that limit the effectiveness of 

green innovation in certain regions. 

In summary, green innovation is a vital strategy for reducing GHG emissions and 

facilitating the global transition to a sustainable, low-carbon economy. Nevertheless, its 

effectiveness is not universal and depends on geographic, economic, and institutional 

conditions. These findings underscore the importance of context-specific policies and 

governance frameworks that enhance the enabling environment for green innovation. 

2.3. Hypothesis development 

2.3.1. National governance and greenhouse gas emissions 

Governance is widely recognized as a critical determinant in shaping national climate 

policies and facilitating reductions in greenhouse gas (GHG) emissions. Through improved 

policy coherence, institutional effectiveness, and regulatory quality, good governance creates an 

enabling environment for clean energy development and sustainable environmental 

management (Alsaleh & Abdul-Rahim, 2022; Lin & Okoye, 2023; N. Zhang et al., 2024). 

However, empirical findings also suggest that the effectiveness of governance may vary across 

contexts, with specific indicators - such as political stability or government effectiveness - 

showing inconsistent effects depending on national priorities and institutional structures (Aziz 

& Sarwar, 2023; Oyewo et al., 2024). Despite such variation, in countries with relatively mature 

institutions, such as those in the OECD, governance quality is expected to have a positive 

influence on emission reductions. Based on this theoretical and empirical foundation, the 

following hypothesis is proposed: 

H1: National governance has a positive impact on the reduction of GHG emissions in 

OECD countries 

2.3.2. Green innovation and greenhouse gas emissions 

As climate change continues to threaten global sustainability, green innovation has 

emerged as a crucial strategy in reducing greenhouse gas (GHG) emissions and promoting low-

carbon development. Defined as technological and process innovations aimed at enhancing 

energy efficiency, reducing pollution, and protecting the environment (Ma et al., 2019), green 

innovation differs from conventional innovation in that it directly targets ecological outcomes. 

Recent studies confirm its efficacy in driving the adoption of renewable energy, improving 

energy efficiency, and advancing cleaner industrial and transportation systems (Xu et al., 2021; 

Zhang & Dilanchiev, 2022). 

Empirical evidence from OECD countries suggests that green innovation significantly 

contributes to CO₂ mitigation by increasing CO₂ productivity and facilitating the diffusion of 

clean technologies (Miśkiewicz, 2021; Puertas & Marti, 2021). Moreover, green innovation also 

plays a role in economic recovery and structural transformation toward sustainable development 

(Wan et al., 2022). However, several studies highlight the context-dependent effectiveness of 

green innovation, particularly in economies with high industrial dependence or weak 

institutional capacity (Huang et al., 2021; Koçak & Ulucak, 2019). Given the relatively strong 

institutional frameworks and supportive policies in OECD countries, it is expected that green 

innovation will have a consistent and positive effect on GHG emissions mitigation. Accordingly, 

the following hypothesis is proposed: 
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H2: Green innovation has a positive impact on the GHG emission reduction process in 

OECD countries 

2.4. Research model 

Although existing literature affirms the roles of green innovation and good governance 

in reducing GHG emissions, findings remain inconsistent across regions and governance 

contexts. Prior studies often focus solely on CO₂, overlooking other potent greenhouse gases 

such as CH₄, N₂O, and HFCs, thereby limiting a holistic understanding of emission mitigation. 

Moreover, many rely on linear regression models, which may not adequately capture the 

complex and non-linear dynamics between governance, innovation, and emissions. To address 

these gaps, this study investigates the influence of green innovation and good governance on 

total GHG emissions in OECD countries. By employing a Decision Tree Regression approach 

on panel data, the study further evaluates the relative importance of these factors, offering a 

more nuanced and policy-relevant perspective on climate change mitigation. Based on these 

insights, a conceptual model is proposed to examine how green innovation and good governance 

interact to shape GHG emission outcomes (Figure 1). 

Figure 1 

Research Model 

 
Note. The author’s suggestion 

3. Research methods 

3.1. Data collection and variable measurement 

This study utilizes secondary panel data collected from 38 developing and emerging 

countries over 20 years (2002 - 2021). The data sources include the World Development 
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Indicators (World Bank), Worldwide Governance Indicators (WGI), and various international 

statistical databases. The selected timeframe is relevant due to the implementation of over 200 

energy-related policies by the 26 member countries of the IEA in 2001, aimed at combating 

climate change linked to GHG emissions. These policies began to be broadly applied in 2002. 

The end of 2021 was chosen because it represents a pre-Covid-19 context, during which GHG 

emissions could be measured without the complexities introduced by the pandemic. The study 

focuses on GHG emissions, expressed in tonnes of CO2 equivalent, over 100 years. Fearnside 

(2002) argues that this timeframe is suitable for evaluating the effectiveness of global warming 

mitigation strategies, striking a balance between practicality and a long-term perspective. This 

is especially relevant in OECD countries, where emission reduction efforts are often linked to 

carbon finance and credit systems, enabling a clear assessment of the impacts of green 

technologies and governance improvements. 

Furthermore, it facilitates consideration of sustainable practices, such as preventing 

deforestation, while evaluating long-term benefits for future generations, consistent with the 

Sustainable Development Goals (Fekete et al., 2021; Rocha & Falduto, 2019). The dependent 

variable is GHG emissions per capita (in tonnes of CO2-equivalents over a 100-year timescale, 

expressed as a natural logarithm). Independent variables include R&D expenditure (as a 

percentage of GDP) and a composite indicator representing National governance. Control 

variables include GDP per capita (in the form of a natural logarithm), FDI inflow (as a 

percentage of GDP), trade openness, and urbanization rate. 

To construct the composite National Governance indicator, six sub-indicators from WGI 

are utilized: Voice and Accountability, Political Stability and Absence of Violence, Government 

Effectiveness, Regulatory Quality, Rule of Law, and Control of Corruption. These sub-indicators 

are measured on a comparable scale, allowing the application of Principal Component Analysis 

to create a single representative index. Each variable is clearly defined and consistently 

measured across countries and over time to ensure comparability and reliability. Data 

processing, cleaning, and transformation are conducted to address missing values and provide 

robustness in empirical analysis. Table 1 presents a detailed summary of all variables, including 

their definitions, measurements, and sources. 

Table 1 

Description and Measurement of Variables Used 

Variables name 
Variables 

symbols 
Description Expectations Source 

Dependent variable 

GHG emissions GHG 

Total GHG emissions of 

OECD countries (tonnes of 

CO2-equivalents over a 100-

year timescale; in the form of 

natural logarithm) 

 
Our World  

in Data 

Independent variables 

Green innovation RD 
Research and development 

expenditure (% of GDP) 
(+) 

World Bank 

(2024a, b, c, d, e) 
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Variables name 
Variables 

symbols 
Description Expectations Source 

National 

governance 
PCA1 

Includes six dimensions: 

Voice and Accountability, 

Political Stability and Absence 

of Violence/Terrorism, 

Government Effectiveness, 

Regulatory Quality, Rule of 

Law, Control of Corruption 

(+) 
World Bank 

(2024a, b, c, d, e) 

Control variables 

GDP per capita GDP 

Gross domestic product per 

capita (constant 2015 US$) 

(in the form of natural 

logarithm) 

 
World Bank 

(2024a, b, c, d, e) 

Foreign direct 

investment 
FDI 

Foreign direct investment, net 

inflows (% of GDP) 
 

World Bank 

(2024a, b, c, d, e) 

Trade openness OpenTrade 

The sum of exports and 

imports of goods and services 

(% GDP) 

 
World Bank 

(2024a, b, c, d, e) 

Urbanization Urban 
People living in urban areas  

(% of total population) 
 

World Bank 

(2024a, b, c, d, e) 

Note. Authors’ compilation 

3.2. Principal component analysis 

Principal Component Analysis (PCA) is employed to reduce the dimensionality of the 

six governance indicators and create a single composite index that captures the core variation 

across the governance dimensions (Tang et al., 2023). PCA transforms a set of correlated 

variables into a smaller number of uncorrelated components (principal components) that 

retain the maximum variance. Mathematically, given a data matrix X with n observations and 

p variables, PCA identifies linear combinations of the original variables that explain the 

highest variance. The first principal component is used as the composite National Governance 

index if it retains the highest proportion of variance. This method is particularly suitable 

given the high intercorrelation among governance indicators, enabling the study to use a 

simplified yet informative representation of institutional quality in subsequent analyses  

(Greenacre et al., 2022). 

3.3. Panel data regression models 

To test the proposed hypotheses and analyze the relationship between R&D, governance, 

and GHG emissions, the study employs multiple panel data regression techniques, including the 

Ordinary Least Squares (Pooled OLS) regression model, the Fixed Effects Model (FEM), the 

Random Effects Model (REM), and the Feasible Generalized Least Squares (FGLS). The 

general form of the estimated regression model is as follows: 
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GHGit = β0 + β1RDit + β2PCA1it + γ1GDPit + γ2FDIit + γ3OpenTradeit + γ4Urbanit + uit (1) 

Where: 

i: country index (i = 1, …, 38), 

t: year index (t = 1, …, 20), 

uit : error term. 

Standard diagnostic tests guide model selection: The F-test is used to compare Pooled 

OLS and FEM, the Breusch-Pagan LM test evaluates REM against Pooled OLS, and the 

Hausman test determines the preferred model between FEM and REM. Finally, the Wooldridge 

test was performed to check for serial autocorrelation, and the Breusch-Pagan Lagrangean 

Multiplier (LM) test was used to detect the presence of heteroskedasticity. These tests ensure 

the appropriate model is selected based on the data structure and assumptions, enhancing the 

validity of the regression results. 

3.4. Decision tree regression 

To complement traditional econometric analysis and explore potential non-linear 

relationships, Decision Tree Regression is applied. This method partitions the data recursively 

based on the values of the independent variable to predict the target variable (GHG emissions). 

Decision Trees provide intuitive interpretability and effectively capture variable importance 

through hierarchical data splits. They are particularly robust to outliers and model non-linear 

effects without requiring distributional assumptions. In this study, Decision Tree Regression is 

used to identify key predictors of GHG emissions, rank variables based on their contribution to 

model performance, and detect interaction effects among economic and governance variables. 

This machine learning approach offers a flexible alternative to linear models and reinforces the 

findings derived from panel data regression. 

4. Results and discussions 

The descriptive statistics (Table 2) reveal considerable heterogeneity across OECD 

countries in terms of GHG emissions, R&D expenditures, governance quality, and key control 

variables, including GDP per capita, FDI, trade openness, and urbanization. These variations 

reflect differences in economic development, innovation capacity, institutional effectiveness, 

and policy orientation, which may influence the patterns of greenhouse gas emissions observed. 

Table 2 

Descriptive Statistics of Variables 

Variable Obs Mean Std. dev. Min Max 

GHG 760 4.25e + 08 1.05e + 09 4103457 7.09e + 09 

PCA1 760 -1.32e-10 2.2764 -6.8972 3.361169 

RD 760 1.790742 1.0528 0.1556 5.7055 

FDI 760 5.757692 16.4500 -40.2629 252.9204 

GDP 760 34517.13 22291.87 4058.285 112417.9 

OpenTrade 760 94.54922 55.9088 20.4471 393.1412 

Urban 760 76.84649 11.065 50.857 98.117 

Note. STATA analysis results 
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Table 3 presents strong correlations among the six dimensions of governance, indicating 

significant multicollinearity. To address this and reduce dimensionality, Principal Component 

Analysis (PCA) was conducted. As shown in Table 4, the first principal component (PCA1) 

explains 86.37% of the total variance and was thus selected as the composite governance 

indicator in subsequent regressions (Table 5). 

Table 3 

Correlation of Six Determinants of the National Governance Variable 

 
Voice and 

Accountability 

Political 

Stability and 

Absence  

of Violence/ 

Terrorism 

Government 

Effectiveness 

Regulatory 

Quality 

Rule of 

Law 

Control of 

Corruption 

Voice and 

Accountability 
1      

Political Stability 

and Absence of 

Violence/Terrorism 

0.8192 1     

Government 

Effectiveness 
0.8412 0.6399 1    

Regulatory Quality 0.8532 0.6516 0.8965 1   

Rule of Law 0.8989 0.7157 0.9536 0.9225 1  

Control of 

Corruption 
0.8654 0.6412 0.9362 0.8970 0.9505 1 

Note. STATA analysis results 

Table 4 

Eigenvalue and % of Variance of 06 PCAs 

 Eigenvalue % of variance % of cumulative variance 

PCA1 5.1821 0.8637 0.8637 

PCA2 0.5065 0.0844 0.9481 

PCA3 0.1182 0.0197 0.9678 

PCA4 0.1017 0.0169 0.9847 

PCA5 0.05844 0.0097 0.9945 

PCA6 0.0331 0.0055 1.0000 

Note. STATA analysis results 
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Table 5 

The Contribution of 06 Dimensions to the PCAs 

Variables PCA1 PCA2 PCA3 PCA4 PCA5 PCA6 

Voice and 

Accountability 
0.4157 0.2464 -0.1633 -0.7982 -0.3066 0.0935 

Political Stability and 

Absence of 

Violence/Terrorism 

0.3477 0.8395 0.1042 0.3709 0.1457 0.0688 

Government 

Effectiveness 
0.4175 -0.2938 0.4066 0.3077 -0.5659 0.3990 

Regulatory Quality 0.4134 -0.2240 -0.8190 0.2978 0.0770 0.1166 

Rule of Law 0.4305 -0.1459 0.1531 0.0732 -0.0714 -0.8715 

Control of Corruption 0.4193 -0.2772 0.3209 -0.1913 0.7440 0.2329 

Note. STATA analysis results 

Before estimating the model, a multicollinearity test was conducted to assess the 

correlations among the variables included in the analysis (Table 6). The results indicate that the 

VIF values for all independent and control variables were below the threshold of 10, with an 

average VIF of 2.33. This suggests that multicollinearity is not a concern in this model. 

Table 6 

Results of Multicollinearity Test 

Variable VIF SQRT VIF Tolerance R-Squared 

PCA1 3.25 1.80 0.3074 0.6926 

RD 1.94 1.39 0.5155 0.4845 

FDI 1.38 1.17 0.7254 0.2746 

GDP 4.54 2.13 0.2204 0.7796 

OpenTrade 1.52 1.23 0.6573 0.3427 

Urban 1.36 1.17 0.7337 0.2663 

Mean VIF 2.33    

Note. STATA analysis results 

Table 7 summarizes the results from three estimation methods: Pooled OLS, Fixed 

Effects Model (FEM), and Random Effects Model (REM). Statistical tests support the 

appropriateness of the REM. Specifically, the F-test confirms the significance of the FE model; 

the Breusch-Pagan LM test validates the REM; and the Robust Hausman test favors RE due to 

the insignificance of the test statistic (p = 0.7941). In this case, the authors conducted a Robust 

Hausman test by applying it to the residuals from the FE and RE models, with robust standard 

errors accounted for. 
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Table 7 

The Impact of Green Innovation and National Governance on GHG Emissions 

Variable Pooled OLS FEM_robust REM_robust 

PCA1 
-0.2928*** 

[-10.46] 

0.0458 

[1.57] 

0.0431 

[1.46] 

RD 
0.0388 

[0.66] 

-0.0824*** 

[-2.13] 

-0.0811*** 

[-2.09] 

FDI 
0.0083*** 

[3.48] 

0.0002 

[0.89] 

0.0001 

[1.00] 

GDP 
1.0737*** 

[9.86] 

0.4729*** 

[-2.78] 

0.4722*** 

[-3.04] 

OpenTrade 
-0.0168*** 

[-20.34] 

-0.0022*** 

[-2.37] 

-0.0023*** 

[-2.38] 

Urban 
-0.0023 

[-0.53] 

-0.0139*** 

[3.21] 

-0.0134*** 

[3.26] 

Constant 
9.3496*** 

[8.60] 

15.2701*** 

[10.02] 

15.2528*** 

[10.38] 

F-Test  

F(37, 716) = 

2363.68*** 

(0.0000) 

 

Breusch & Pagan LM Test   

chibar2(01) =  

6603.86*** 

(0.0000) 

Robust Hausman Test  
chi2(6) = 3.12 

(0.7941) 

Note. ***p < 0.05, **p < 0.1, *p< 0.15. STATA analysis results. The results are adjusted for robust standard errors 

To further assess model validity, we conducted diagnostic tests for heteroskedasticity 

and autocorrelation. The Breusch-Pagan Lagrangian Multiplier (LM) test was employed to 

check for heteroskedasticity. The results indicated that the null hypothesis of 

homoskedasticity was firmly rejected (p-value = 0.0000), providing clear evidence of 

heteroskedasticity in the model. We also tested autocorrelation by using the Wooldridge test 

in the model. The test results showed that the null hypothesis of no autocorrelation was 

rejected (F(1,37) = 85.267, p-value = 0.0000), indicating the presence of autocorrelation. 

Given the presence of both heteroskedasticity and autocorrelation, we addressed these issues 

by applying the Feasible Generalized Least Squares (FGLS) method. This approach is well-

suited to correct for such violations of the classical regression assumptions, thereby ensuring 

more reliable and efficient estimates. 
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Table 8 

The Impact of Green Innovation and National Governance on GHG Emissions according to  

The FGLS Method 

Variable FGLS 

PCA1 
-0.0142 

[-1.42] 

RD 
-0.0369*** 

[-2.27] 

FDI 
0.0000 

[0.37] 

GDP 
0.3065*** 

[6.49] 

OpenTrade 
-0.0005 

[-1.55] 

Urban 
0.0210*** 

[7.12] 

Constant 
13.8614*** 

[26.93] 

Note. ***p < 0.05, **p < 0.1, *p < 0.15. STATA analysis results. The results are adjusted for robust standard errors 

The FGLS estimation results offer several insights. First, regarding Governance Quality 

(PCA1), contrary to Hypothesis H1, the governance index does not significantly influence GHG 

emissions. This suggests that even in countries with high governance quality, structural factors 

- such as industrial composition, reliance on fossil fuels, or the pace of technological adoption - 

may dilute the effectiveness of governance in mitigating emissions. These findings align with 

the conclusions of Dash et al. (2024). In contrast, Hypothesis H2 is supported regarding Green 

Innovation (R&D). A 1% increase in R&D expenditure is associated with a 0.0369% reduction 

in GHG emissions, underscoring the critical role of technological innovation in driving 

environmental sustainability. This result aligns with the findings of Puertas and Marti (2021) 

and Miśkiewicz (2021). 

Regarding the control variables, GDP per capita exhibits a positive and statistically 

significant relationship with GHG emissions, which supports the Environmental Kuznets Curve 

hypothesis. Lastly, urbanization exhibits a positive effect on GHG emissions, which may lead 

to higher energy use, increased transportation, expanded industry, and greater waste production, 

all of which typically rely on fossil fuels in many OECD countries. 

To examine cross-country interdependence in pollution levels, the Pesaran CD test was 

conducted (Table 9). The results reject the null hypothesis of no cross-sectional dependence, 

confirming the transboundary nature of GHG emissions. This emphasizes the necessity for 

international cooperation, such as through global climate agreements (e.g., the Paris 

Agreement), to effectively mitigate climate change and manage externalities. 
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Table 9 

Cross-section Dependence Test Results 

 GHG 

Pesaran CD test Statistic df Probability value 

 75.30*** - 0.000 

Note. freedom. *** is the 1% level of significance. STATA analysis results 

Finally, this study incorporates machine learning-based tree models within the random 

effects framework (Table 10). Following the random effects specification, the data are 

normalized using the overall mean and a heterogeneity-adjusted weighting factor (theta = 

0.684). This assessment quantifies the marginal contribution of each predictor to the reduction 

of uncertainty in CO₂ emissions, measured via decreases in Gini impurity, entropy, or Mean 

Squared Error (MSE). Unlike conventional linear models, where coefficients directly indicate 

the influence of variables, tree-based models capture non-linear interactions and rank variables 

based on their predictive significance. The resulting feature importance scores thus offer a 

robust, model-agnostic evaluation of each independent variable’s relevance in explaining the 

variability in emissions. 

Table 10 

Independent Variable Importance to CO2 Emissions Based on the Decision Tree Random 

Effect Model 

Variable %lnMSE Rank 

PCA1 0.1297 6 

RD 0.2109 3 

FDI 0.2109 3 

GDP 0.1917 5 

OpenTrade 0.3240 1 

Urban 0.2117 2 

Note. Python analysis results 

The results from the Decision Tree Regression for Panel Data method illuminate the key 

determinants of GHG emissions in OECD countries. The analysis highlights trade openness, 

urbanization, and green innovation as the most influential factors, whereas national governance 

exerts comparatively limited direct effects on emissions mitigation. 

Trade openness emerges as the most significant contributor to GHG reduction. This 

finding is consistent with previous research, which emphasizes that international trade 

facilitates the diffusion of environmentally friendly technologies (Park et al., 2018). 

Developed countries, through greater trade integration, transfer advanced technologies to 

OECD partners, enhancing environmental performance (Dogan & Seker, 2016). Moreover, 

trade openness influences environmental outcomes through scale, technical, and composition 

effects (Balsalobre-Lorente et al., 2018), with the import and export of ICT-related goods 

particularly associated with lower CO₂ emissions. Access to cutting-edge technologies and 
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exposure to stringent international environmental standards further reinforce the positive role 

of trade in emissions reduction. 

Secondly, urbanization significantly contributes to lowering emissions, particularly in 

OECD countries where urban development has matured. Sustainable urban planning, efficient 

public transportation networks, and energy-efficient infrastructure have collectively reduced 

dependence on private vehicles and enhanced overall energy efficiency. Although rising 

emissions often accompany early-stage urbanization due to resource-intensive growth, the 

OECD experience demonstrates that strategic urban management can reverse this trend, 

supporting sustainable urbanization as a viable pathway to GHG mitigation. 

Thirdly, green innovation plays a pivotal role in driving the transition toward a low-

carbon economy. Significant investments in R&D, particularly in renewable energy 

technologies and cleaner production methods, have been bolstered by incentive policies such as 

subsidies, tax credits, and direct capital support. Beyond direct emission reductions, green 

innovation generates positive spillover effects that extend across borders, encouraging the 

broader international adoption of advanced environmental technologies. Although national 

governance ranks lowest in terms of direct influence, it remains a critical enabler by establishing 

the legal, institutional, and policy frameworks necessary for trade, urbanization, and innovation 

to thrive. The findings suggest that governance, while not directly reducing emissions, indirectly 

supports GHG mitigation through facilitating other mechanisms. 

Overall, the results underscore the complex interdependence among trade, urbanization, 

green innovation, and governance in shaping environmental outcomes in OECD countries. They 

highlight the importance of integrated and coordinated policy approaches, recognizing that 

effective GHG mitigation requires simultaneous progress across multiple dimensions. 

5. Conclusion and implications 

This study develops a theoretical framework that captures the dynamic interactions 

among economic development, technological innovation, government intervention, and the 

role of Non-Governmental Organizations (NGOs) in promoting environmental sustainability. 

Using decision tree regression on panel data, the research integrates advanced econometric 

techniques to assess the relative impacts of trade openness, urbanization, green innovation, 

and governance on greenhouse gas (GHG) emissions. Empirical results highlight the 

significant contributions of green innovation and trade openness in mitigating emissions, 

particularly within OECD countries. 

5.1. Theoretical implications 

Green innovation emerges as a pivotal element in reconciling economic growth with 

environmental sustainability. The findings support the decoupling hypothesis, suggesting that 

technological progress- especially in green technologies - can reduce emissions without 

undermining economic competitiveness. This aligns with circular economy principles, which 

emphasize resource efficiency, recycling, and reuse over extractive linear models. Furthermore, 

smart urbanization and trade openness are shown to facilitate the dissemination of clean 

technologies and amplify the positive effects of innovation. 

From a theoretical perspective, green innovation offers a crucial foundation for 

addressing the interconnected challenges of environmental sustainability and economic growth. 

Firstly, the study suggests that economic progress can be decoupled from environmental harm 
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by integrating innovation into sustainable development plans. Secondly, focusing on research 

and development in green technologies supports the argument that technological advances are 

essential for reducing greenhouse gas emissions without compromising economic 

competitiveness. Thirdly, this approach is closely related to the principles of the circular 

economy, which emphasize efficient resource use, recycling, and reusing materials as more 

sustainable alternatives to the traditional linear economy. Fourthly, green innovation aligns with 

the theoretical view that urbanization presents both challenges and opportunities. In this context, 

thoughtful city planning can help reduce emissions while promoting economic and social 

development. Fifthly, trade openness is crucial for the dissemination and adoption of clean 

technologies, underscoring the theoretical connection between international trade and 

sustainable growth. Finally, policies such as carbon border adjustments illustrate the need for 

fair and effective global trade measures. These policies prevent the shifting of emissions to other 

countries and reinforce environmental responsibility. In summary, green innovation offers a 

theoretical framework that integrates economic, technological, and environmental goals to 

support sustainable development. 

5.2. Policy implications 

From a practical perspective, green innovation serves as a powerful tool for governments 

seeking to reduce environmental degradation while fostering sustainable economic growth. For 

OECD countries in particular, fully leveraging this potential requires a coherent set of 

coordinated policy actions. 

Firstly, increasing investment in research and development is fundamental. By directing 

funding toward areas such as renewable energy, energy storage, and emissions reduction in 

heavy industries, governments can stimulate technological breakthroughs essential to the low-

carbon transition. Encouraging public-private partnerships further enhances this process by 

facilitating collaboration between industry, academia, and the public sector. 

Secondly, providing strong financial incentives is critical for accelerating the adoption 

of green technologies. Policy tools, such as carbon taxes, carbon credits, and tax incentives for 

eco-friendly businesses, can reshape market behavior. Establishing dedicated funds to support 

green startups and innovation-driven enterprises can also boost entrepreneurship and the 

diffusion of clean technologies. 

Thirdly, governments must establish and enforce robust regulatory frameworks. 

Industry-specific emissions standards, coupled with mandatory renewable energy targets and 

continuous monitoring mechanisms, are key to ensuring environmental accountability. 

Promoting resource efficiency and recycling further contributes to waste reduction and the 

development of a circular economy. 

Fourthly, raising public awareness and fostering behavioral change are equally 

important. Public education campaigns and incentive programs, such as subsidies for electric 

vehicles or energy-efficient appliances, can encourage more sustainable consumption patterns 

and broaden societal engagement in environmental efforts. 

Fifthly, investing in green infrastructure is essential for supporting the above strategies. 

Expanding clean public transportation systems, developing smart grids that integrate renewable 

energy, and constructing large-scale energy storage capacity are all necessary for enabling 

resilient and low-emission urban environments. 
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Sixthly, international cooperation should be a core component of national strategies. 

Sharing green technologies and expertise with developing countries helps address global climate 

challenges more equitably. Moreover, integrating environmental provisions into trade 

agreements ensures that trade liberalization aligns with sustainability objectives. 

Seventhly, green innovation should be combined with other structural approaches, 

particularly in the areas of trade and urban development. Trade openness facilitates access to 

advanced technologies and promotes cross-border dissemination of green practices. At the same 

time, managing urbanization through thoughtful city planning - characterized by clean 

transportation systems and energy-efficient infrastructure - can significantly reduce emissions 

while supporting economic vitality. 

In summary, green innovation offers governments, particularly those in OECD 

countries, a practical framework for achieving both environmental and economic objectives. 

A successful strategy must combine sustained investment, regulatory oversight, financial 

support, infrastructure development, public engagement, and international collaboration to 

achieve its goals. Policies should remain adaptive to national contexts and evolving global 

dynamics, ensuring that emissions reduction efforts contribute meaningfully to long-term 

sustainable growth. 

5.3. Limitations and future research 

Although the study offers valuable insights, its focus on OECD countries may limit 

its applicability to governance and emission dynamics in developing nations. Future 

research should expand to include a broader range of countries and explore specific 

governance dimensions, such as corruption, administrative efficiency, and the rule of law,  

to better understand their distinct impacts on GHG emissions better  and develop more 

targeted policy recommendations. 
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