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Abstract

This study empirically examines the impact of natural resource rents (NRR), a proxy for
economic benefits and costs of natural resources, on green growth (GG) in Organization
for Economic Co-operation and Development (OECD) countries from 1996 to 2020, while
accounting for the moderating roles of green innovations and environmental regulations.
Using the Common Correlated Effects Mean Group (CCEMG) and Augmented Mean
Group (AMG) estimators as our baseline model, the analysis reveals a significantly negative
association between natural resource rents and green growth in OECD countries, consistent
with the resource curse hypothesis, which reflects heightened economic, institutional, and
environmental risks associated with resource reliance. Furthermore, the results indicate
that green innovations and environmental regulations not only promote green growth but
also weaken the adverse association between natural resource rents and green growth,
thereby suggesting their positive roles in managing resource-related risks. These findings
remain robust across alternative variable definitions and model specifications. Overall,
the empirical evidence highlights the importance of adopting policy measures, such as
increased investment in sustainable technology research and development and providing
incentives for firms to implement environmentally friendly practices, to manage resource-
related risks and support the transition toward sustainable development.

Keywords: green growth; natural resource rents; green innovations; environmental regulations;
OECD; CCEMG; AMG; resource-related risks

1. Introduction
Natural resources are widely recognized as an important driver of economic devel-

opment, as they generate substantial revenues that can be used to finance infrastructure,
healthcare, and education, thereby improving welfare and supporting economic growth.
However, natural resource extraction and utilization are also associated with a range of
economic, environmental, and institutional risks. Heavy reliance on natural resources can
increase vulnerability to commodity price volatility, weaken investment incentives, and
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heighten exposure to external shocks. In addition, intensive resource extraction may con-
tribute to environmental degradation, including pollution, deforestation, and the depletion
of natural capital, thereby constraining long-term sustainability (Ahakwa and Tackie 2024).

These challenges have led to an ongoing debate in the literature regarding whether
natural resources ultimately promote or hinder sustainable economic development. While
resource endowments can generate economic benefits, their economic utilization may
also create structural and governance-related distortions. Resource-dependent economies
are often exposed to risks such as exchange rate volatility, reduced diversification, and
rent-seeking behavior, which may undermine economic performance over time (Erdoğan
et al. 2020). These mechanisms are closely linked to the resource curse hypothesis, or the
“paradox of plenty,” which suggests that natural resources may hinder rather than promote
development (Sachs and Warner 1995; Lashitew and Werker 2020).

In empirical research, the role of natural resources is commonly captured through
natural resource rents (NRR), which are defined as the difference between the value of
extracted resources and the cost of extraction (Barma et al. 2012; Chen et al. 2022). Measured
as a percentage of GDP, NRR reflects the economic importance of natural resources and
provides a comparable indicator across countries. Unlike purely physical measures of
resource endowment, this measure captures both the availability of natural resources
and the extent to which they are economically utilized, making it particularly useful for
cross-country analyses of resource-related economic and environmental outcomes.

From a sustainability perspective, the implications of natural resources extend beyond
economic performance to include environmental and institutional dimensions. This un-
derscores the importance of examining how natural resources influence not only economic
outcomes but also the sustainability of growth. To address the challenges associated with
resource use, the concept of green growth has gained increasing attention, emphasizing the
need to achieve economic development while preserving environmental quality and natu-
ral capital. While sustainable economic development encompasses economic, social, and
environmental dimensions, green growth focuses more specifically on achieving economic
expansion in a manner that minimizes environmental degradation. In particular, it emphasizes
improving resource efficiency, reducing emissions, and promoting sustainable production and
consumption patterns (OECD 2018). Within this framework, the relationship between natural
resources and green growth becomes particularly important, as resource-based activities are
closely linked to environmental risks and sustainability outcomes.

The extent to which natural resources promote or hinder green growth may depend
on how resource-related risks are managed. In this regard, green innovations and envi-
ronmental regulations play critical roles. Green innovations, through the development of
environmentally friendly technologies and processes, can enhance resource efficiency and
reduce environmental impacts (Rennings 2000; Dutz and Sharma 2012). Environmental
regulations, including policy stringency and environmental taxation, can further support
sustainable development by encouraging cleaner production and internalizing environ-
mental costs (Cheng et al. 2017; Khan et al. 2022). These mechanisms may help mitigate the
risks associated with natural resource use and influence the overall relationship between
natural resources and green growth.

Although previous studies have examined the economic effects of natural resource
rents (e.g., Erdoğan et al. 2020), there is a lack of empirical evidence on their impact on
green growth, especially in OECD countries that are typically viewed as high-income
and resource-rich economies. Moreover, the moderating roles of green innovations and
environmental regulations in shaping this relationship remain underexplored, leaving a
gap in understanding how resource wealth is associated with green growth outcomes and
broader sustainable development objectives in advanced economies.
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To address this gap, this study investigates the impact of natural resource rents on
green growth in OECD countries over the period 1996–2020, while accounting for the
moderating roles of green innovation and environmental regulations. To construct our
sample for the study, we mainly obtain relevant country-level data (e.g., proxy for green
growth) from the World Bank Open Data and OECD databases,1 merge these datasets using
consistent country and year identifiers, and exclude observations with missing values for
any variables required in the regression analysis. This process yields the final sample used
for empirical analysis.

Using the CCEMG and AMG estimators in our baseline model, we find a significantly
negative association between green growth and natural resource rents, supporting the
resource curse hypothesis in OECD countries. Our empirical evidence also indicates
that green innovations and environmental regulations (proxied by the environmental
stringency index and environmental taxation) not only promote green growth but also
weaken the adverse association between natural resource rents and green growth. These
findings remain robust across an alternative measure of green growth and various model
specifications designed to address potential endogeneity and other econometric concerns.2

Our study contributes to academic literature in several important ways. First, our
study speaks to ongoing debates regarding the association between natural resource rents
and green growth by providing new empirical evidence in OECD countries, where existing
findings remain limited and inconclusive. While prior studies (e.g., Du et al. 2020; He
and Mou 2020; Liu et al. 2023) often focus on developing economies or on individual
countries and small groups of advanced economies (such as G7 or EU countries), this
study employs a broader OECD panel, and therefore allows for more generalizable insights
across high-income economies with diverse resource endowments, institutional quality, and
environmental policy frameworks. By focusing on advanced economies, the study extends
the relevance of the resource curse literature beyond its traditional focus on developing
countries and provides new evidence on whether resource-related risks persist in more
institutionally developed contexts.

Second, the study advances extant literature by explicitly examining the joint moder-
ating roles of green innovation and environmental regulations in shaping the association
between natural resource rents and green growth. While existing studies typically consider
these factors in isolation, this paper adopts an integrated framework that captures their
combined effects. In doing so, it provides deeper insights into the mechanisms through
which technological progress and policy interventions interact to mitigate the adverse
impacts of resource dependence. The findings highlight that green innovation and environ-
mental regulations not only promote green growth but also play a critical role in managing
resource-related risks, such as vulnerability to resource dependence and long-term sustain-
ability challenges, by weakening the negative effects of natural resource rents.

Third, from a methodological perspective, by employing a comprehensive green
growth index over an extended period, this study provides a more nuanced assessment
of sustainable development dynamics than analyses relying on narrow or short-term
indicators. Additionally, this study also employs a comprehensive empirical strategy that
combines multiple estimation techniques and robustness checks to enhance the reliability
of the findings. Specifically, the use of CCEMG and AMG estimators accounts for cross-
sectional dependence and heterogeneity across countries, while additional analyses using
the Dumitrescu and Hurlin (2012) panel Granger causality test, system GMM, propensity
score matching (PSM), instrumental variable estimation (IV regression), sensitivity analyses
(including weighted least squares (WLS)), the cross-sectional autoregressive distributed
lag (CS-ARDL) model, as well as an alternative measure of green growth, help address
potential endogeneity and specification concerns. This multi-method approach provides a
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more robust and comprehensive assessment of the association between natural resource
rents and green growth in OECD economies. Given the heterogeneous nature of OECD
economies and the mixed integration properties of the variables, the empirical analysis
focuses on persistent dynamic associations while accounting for cross-sectional dependence,
slope heterogeneity, and heterogeneous adjustment dynamics across countries. It is worth
noting that the study acknowledges the possibility of feedback mechanisms among the
variables and therefore interprets the empirical findings as dynamic associations rather
than strictly one-directional causal relationships.

Finally, from a practical perspective, our results underscore the importance of effective
environmental policies and technological innovations in reducing the risks associated with
resource reliance and in transforming natural resource wealth into sustainable economic
prosperity. These insights offer valuable guidance for resource-rich OECD countries seeking
to avoid the resource curse and enhance resilience in the transition toward green growth.

The remainder of the paper is organized as follows: Section 2 introduces the back-
ground information of the study, reviews the extant literature, and develops the hypothe-
ses; Section 3 describes the sample construction, research design, and variables; Section 4
presents the main empirical results; and Section 5 concludes the paper.

2. Background Information and Hypotheses Development
2.1. Background Introduction

Green growth represents a paradigm that reconciles economic expansion with envi-
ronmental sustainability by promoting the efficient allocation of resources and mitigating
emissions associated with their utilization, thereby fostering long-term ecological balance
(Hao et al. 2021). The concept integrates the three interdependent dimensions of dynamic
growth: environmental, social, and governance, emphasizing the need to sustain economic
progress while preserving natural capital (Liu and Hong 2024). Within this framework, the
role of natural resources becomes particularly important, as their extraction and utilization
are closely linked to environmental and sustainability outcomes.

The extraction and processing of natural resources, particularly fossil fuels and min-
erals, pose significant economic, environmental, and sustainability-related risks, as they
are estimated to account for approximately 90% of global biodiversity loss and nearly 50%
of greenhouse gas (GHG) emissions (Oberle et al. 2019). These risks include heightened
exposure to environmental degradation, resource depletion, and structural vulnerabili-
ties, which can undermine long-term economic resilience and policy effectiveness. As
shown in Figure 1, combustion of natural resources constitutes a primary source of GHG
emissions, with biomass and fossil fuel burning exhibiting an upward trajectory across
OECD countries.

At the same time, OECD countries exhibit considerable variation in both green growth
performance and reliance on natural resources. As shown in Figure 2, green growth
has generally improved over time, although substantial cross-country differences persist.
Among the countries, Ireland achieved the highest rate of green growth, whereas Greece
consistently recorded the lowest. Similarly, Figure 3 indicates that natural resource rents
are unevenly distributed, with countries such as Chile and Norway exhibiting relatively
high levels. These patterns suggest that the relationship between natural resources and
green growth is not uniform and may depend on country-specific conditions.

Importantly, the trajectory of green growth does not follow a standardized path. It
is shaped by a range of contextual factors, including institutional quality, policy frame-
works, technological development, and the management of natural resource-related risks.
These considerations are consistent with the broader objectives of the United Nations
Sustainable Development Goals (SDGs), particularly SDG 13 (Climate Action) and SDG 7
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(Affordable and Clean Energy), which emphasize both environmental sustainability and
economic resilience.

Taken together, these observations highlight that natural resources may be positively
or negatively associated with green growth, depending on how resource-related risks
are managed and how effectively economies adopt supportive policies and technologies.
This motivates the need to examine not only the direct relationship between natural re-
source rents and green growth, but also the roles of green innovations and environmental
regulations in shaping this relationship.

Figure 1. Natural Resource Extraction in OECD.

Figure 2. Average Green Growth in OECD from 1996 to 2020.
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Figure 3. Average Natural Resource Rent in OECD from 1996 to 2020.

2.2. Literature Review and Hypotheses Development
2.2.1. Green Growth and Natural Resource Rent

Natural resource rents play an important role in shaping economic performance, but
their implications for green growth remain debated. Prior studies identify at least three
principal channels through which natural resource rents may adversely affect economic
growth (Corden and Neary 1982; Van der Ploeg 2011).

The first is the rent-seeking channel, which emphasizes the role of political institutions
in shaping the so-called “resource curse.” Rent-seeking behavior involves attempts to
secure financial gains without corresponding productivity improvements, often through
the manipulation of political or economic environments, thereby diverting resources from
productive activities (Deacon and Rode 2015; Qiang and Jian 2020).

The second channel is the crowding-out mechanism, which posits a dual effect of
natural resource rents on domestic economies. Rising resource rents may initially increase
domestic income and stimulate investment; however, they can also trigger inflationary
pressures by raising domestic prices, wages, and the real effective exchange rate. These
can lead to Dutch disease, whereby resource rents crowd out other productive sectors,
particularly manufacturing, and increase economic vulnerability to sector-specific shocks
(Abbas et al. 2022).

The third channel is the Dutch disease hypothesis, which specifically attributes
resource-driven exchange rate appreciation to a decline in competitiveness of manufac-
turing exports and other tradable goods. Proponents of this theory argue that long-term
economic growth is predominantly driven by manufacturing exports rather than resource
exports. Consequently, a resource boom that undermines manufacturing output is expected
to impede overall economic performance (Van der Ploeg and Venables 2013).

These mechanisms also have important implications for green growth. By altering
economic structure and incentives, natural resource rents may limit investment in environ-
mentally sustainable sectors and increase reliance on resource-intensive activities.

Empirical evidence corroborates these theoretical channels. Du et al. (2020), in a
provincial-level study of China, documented the existence of a “resource curse,” whereby
resource-rich provinces exhibited lower levels of high-quality economic development
relative to less resource-endowed provinces. Similarly, He and Mou (2020) found that a
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booming resource sector in China exerted positive spillovers on the service industry while
simultaneously exerting adverse effects on the manufacturing sector, thereby exemplifying
the Dutch disease mechanism.

Comparable trends are also evident among OECD countries. Heavy reliance on
natural resources frequently results in overexploitation, resource depletion, and heightened
intergenerational scarcity, thus reinforcing the resource curse hypothesis (Razzaq et al. 2021).
Nevertheless, some studies suggest that natural resources can constitute a blessing when
accompanied by robust financial institutions. Wei et al. (2020) provided strong evidence
from G7 countries that financial markets can effectively transform resource rents into
drivers of financial development and economic growth, thereby mitigating the adverse
effects traditionally associated with resource abundance.

Despite these insights, the extant literature is largely concentrated on developing and
emerging economies. In contrast, relatively limited attention has been given to OECD
countries, where stronger institutional frameworks and environmental policies may alter
the nature of the relationship between resources and green growth. Therefore, it remains
unclear whether the resource curse hypothesis holds in advanced economies characterized
by higher levels of economic development and regulatory capacity.

Taken together, these findings suggest that the association between natural resource
rents and green growth remains theoretically ambiguous and context dependent. This
motivates the need to empirically examine the relationship in the context of OECD countries.
Accordingly, we propose the following hypothesis:

H1. There is a negative association between green growth and natural resource rent in OECD countries.

2.2.2. Green Growth and Green Innovations

Green innovations refer to the development of processes, techniques, and products
that reduce environmental impacts and improve resource efficiency (Rennings 2000; Ren-
nings et al. 2004). By integrating both technological and non-technological changes, eco-
innovation contributes to environmental sustainability and supports the transition toward
a green economy (Yu et al. 2023).

Green innovations play an important role in promoting green growth by enhancing
resource efficiency and reducing environmental externalities associated with economic
activity. In particular, environmentally friendly technologies can lower emissions, improve
energy efficiency, and support more sustainable production processes (Fernandes et al. 2021;
Fang 2023). These improvements are especially relevant in resource-dependent economies,
where production activities are often associated with higher environmental pressures.

In this context, green innovations may also help mitigate the adverse effects of natural
resource utilization. For example, green patents, representing environmentally friendly
technological advancements, serve as an important indicator of technological progress and
contribute to pollution reduction and sustainable economic development (Li et al. 2023).
The adoption of cleaner technologies can reduce the environmental burden associated with
resource extraction and promote more efficient use of natural resources (Hassan et al. 2025).

Furthermore, the effectiveness of natural resource use is closely linked to broader
institutional and technological conditions. As highlighted by Kaznacheev (2013), it is not
resource endowment itself but the quality of institutions and innovation capacity that
determines whether resource-rich economies achieve sustainable development outcomes.

However, most existing studies focus primarily on the direct effects of green innova-
tion, with limited attention to its interaction with natural resource dependence. Specifically,
empirical evidence on whether green innovation moderates the relationship between
natural resource rents and green growth remains scarce, especially in OECD countries.
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These considerations suggest that green innovations are positively associated with
green growth but may also weaken the negative impact of natural resource rents by
improving efficiency and reducing environmental pressures. Based on this reasoning, we
develop the following hypotheses.

H2. There is a positive association between green growth and green innovations in OECD countries.

H3. Green innovations moderate the negative association between green growth and natural resource
rents in OECD countries.

2.2.3. Green Growth and Environmental Regulations

Environmental regulations play a critical role in shaping the relationship between
natural resources and sustainable economic outcomes. Evidence suggests that the impact of
natural resources is not uniform and may depend on the strength of institutional and policy
frameworks. For instance, Yu et al. (2023), using a Quantile Autoregressive Distributed
Lag (Q-ARDL) framework, report that the resource-curse hypothesis holds at lower and
middle levels of economic activity, while a resource-blessing effect emerges at higher levels.
This finding highlights that effective governance and regulatory frameworks can influence
whether natural resources contribute positively to economic performance.

Environmental regulations, such as pollution taxes, subsidies, and policy stringency
measures, are widely recognized as key instruments for addressing environmental exter-
nalities associated with economic activity. These policies encourage firms to adopt cleaner
technologies, improve resource efficiency, and reduce emissions (Cheng et al. 2017; Khan
et al. 2022). Empirical evidence supports this view. For example, Arimura et al. (2008)
finds that environmental regulations significantly improve environmental quality, while
Bhowmik et al. (2024) show that stringent policies reduce CO2 emissions through techno-
logical adoption. Similarly, Khaddage-Soboh et al. (2023) emphasize the importance of
environmental taxation and regulatory frameworks in promoting sustainability.

In addition to their direct environmental effects, regulatory frameworks also influence
how natural resource rents are utilized. Weak governance may lead to inefficient allocation
of resource revenues, whereas strong institutional structures can channel these revenues
into productive and sustainable investments. As highlighted by Ross (2001) and Aytaç et al.
(2016), resource wealth can weaken governance through taxation, spending, and repression
effects; however, these adverse outcomes can be mitigated through effective institutional
and regulatory arrangements. Consistent with this view, Liu et al. (2023) show that
institutional reforms can reduce the negative effects associated with resource dependence.

Environmental regulations also complement broader policy tools such as green finance,
which facilitates the allocation of resource revenues toward sustainable projects. However,
the effectiveness of these mechanisms depends on the strength of governance and regulatory
quality (Liang et al. 2024).

Nevertheless, prior studies have not fully examined the extent to which environmental
regulations moderate the relationship between natural resource rents and green growth,
particularly in OECD countries. Given the relatively advanced regulatory frameworks in
these economies, it is important to assess whether environmental policies can effectively
offset the adverse effects of resource dependence.

Overall, these insights suggest that environmental regulations may promote green
growth, as well as playing a crucial role in weakening the adverse effects of natural resource
rents by improving resource allocation and reducing environmental pressures. Based on
the preceding discussion, we develop the following hypotheses.

https://doi.org/10.3390/risks14070160

https://doi.org/10.3390/risks14070160


Risks 2026, 14, 160 9 of 43

H4. There is a positive association between green growth and environmental regulations in OECD
countries.

H5. Environmental regulations moderate the association between green growth and natural resource
rents in OECD countries.

While the hypotheses are developed based on theoretically expected directions of
association, the relationships among the variables may also involve dynamic interactions
across countries and over time.

Figure 4 summarizes the conceptual framework used in this study.

Figure 4. Conceptual Framework.

3. Sample Construction and Research Methodologies
3.1. Sample Construction

Our sample construction begins with identifying a total of 725 country-year obser-
vations from 29 OECD countries over the period 1996–2020.3 From the OECD databases,
we obtain annual data on green innovations and environmental regulations. Since these
databases provide information on certain environmental regulation indexes only up to
2020, our sample period ends there.

Moreover, we collect data on natural resource rents, green growth, and other country-
level control variables from the World Bank Open Data. We merge these datasets using
consistent country and year identifiers and exclude 220 observations with missing values
for any variables required in the regression analysis. This process yields an unbalanced
panel with 505 country-year observations as our final sample. Inspection of the missing
data indicates that exclusions are not concentrated in specific countries or time periods.
Appendices A.1 and A.2 report the distribution of observations across countries and years
in the final sample. Specifically, the number of observations per country ranges from 14
to 21 in the final sample, suggesting a relatively balanced distribution across countries.
Similarly, the year-wise distribution of observations remains highly stable throughout the
sample period, with annual observations ranging from 19 to 21 across years.

It is worth noting that the majority of countries in our sample are classified as high-
income, with only one classified as upper-middle-income, according to the World Bank’s
2024 income thresholds.4 Out of the 29 countries, 11 are members of the G20, which is
considered as the largest group of major economies globally. Please refer to Appendix B for
additional information on the income level of a country in our sample.
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3.2. Research Methodologies
3.2.1. Regression Model

To test the first hypothesis regarding the association between green growth and natural
resource rents, we regress green growth on natural resource rents and a set of country-level
control variables using the following model:

GGit = α0 + β1NRRit + β2R&D it + β3 EXPit + β4 POPit + β5GQit + εit (Model 1)

The dependent variable, green growth (GG), is proxied by the World Bank’s Adjusted
Net Saving (ANS) indicator, which adjusts traditional national savings for investment in
human capital, depletion of natural resources, and environmental degradation. As part of
the robustness tests, we also obtain another proxy for green growth (RN) from the World
Bank Open Data, which measures the percentage of renewable energy consumption in
total energy use.5 The variable of interest, natural resource rents (NRR), is defined as the
sum of oil rents, natural gas rents, coal rents (hard and soft), mineral rents, and forest
rents, expressed as a percentage of GDP.6 Control variables include R&D expenditure
as a percentage of GDP (R&D), general government final consumption expenditure as a
percentage of GDP (EXP), population growth as a percentage of GDP (POP), and governance
quality (GQ).

We include R&D spending as a control because it promotes the invention of sustainable
technologies that help reduce greenhouse gas emissions and encourage green growth (Lee
and Min 2015; Petrović and Lobanov 2020; Borojo 2024; Aziz and Bakoben 2024). Similarly,
higher government expenditure, particularly on environmental conservation as part of
fiscal policy, improves environmental quality by reducing pollution and thereby promotes
green growth (Katircioglu and Katircioglu 2018; Ozyilmaz et al. 2023; Meng 2024). In
contrast, population growth tends to exert pressure on resources, increasing extraction and
environmental pollution, which deteriorates green growth (Xuan et al. 2023; Aller et al. 2015;
Aziz and Bakoben 2024). Finally, governance quality reflects institutional effectiveness,
which provides a sound institutional framework for fostering green growth (Wang et al.
2023; Teklie and Yağmur 2024; Zhao and Xu 2024). Table 1 provides detailed variable
definitions. To mitigate the influence of outliers, all continuous variables are winsorized at
the 1st and 99th percentiles.

To test Hypotheses 2–5, we extend Model 1 by introducing each moderating variable
separately and interacting it with the variable of interest (NRR). Specifically, we consider
one proxy for green innovations (INV) and two proxies for environmental regulations (ESPI
and ET). The regression models are as follows:

GGit = α0 + β1NRRit + β2INVit + β3NRRit*INVit + β4R&Dit + β5 EXPit + β6 POPit + β7GQit + εit (Model 2)

GGit = α0 + β1NRRit + β2ESPIit + β3NRRit*ESPIit + β4R&Dit + β5 EXPit + β6 POPit + β7GQit + εit (Model 3)

GGit = α0 + β1NRRit + β2 ETit + β3NRRit*ETit + β4R&Dit + β5 EXPit + β6 POPit + β7GQit + εit (Model 4)

The dependent, key independent, and control variables in Models 2–4 are the same as
the ones in Model 1. The moderating variables are green innovations (INV), environmental
policy stringency (ESPI), and environmental taxation (ET), where ESPI and ET serve as two
different proxies for environmental regulations.

The empirical models are designed to examine persistent dynamic associations among
the variables while accounting for cross-country heterogeneity and common shocks across
OECD economies.
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Table 1. Variable Description.

Variable Name Definition Acronym Sources

Green Growth Adjusted net saving * GG World Bank

Alternative measure of
green growth

Percentage of renewable energy consumption in total
energy use RN World Bank

Natural resource rents
Total natural resource rents are the sum of oil rents,
natural gas rents, coal rents (hard and soft), mineral
rents, and forest rents,% GDP

NRR World Bank

Green Innovations Development of environment-related technologies,
% all technologies INV OECD

Environmental Policy
Stringency index

The Environmental Policy Stringency Index is based on
the stringency of 13 environmental policy instruments,
primarily related to climate and air pollution. This index
ranges from 0 (indicating no stringency) to 6 (indicating
the highest degree of stringency).

ESPI OECD

Environmental tax Environmentally related taxes, % GDP ET OECD

Expenditure on research &
development Expenditure on research & development, % GDP R&D World Bank

Fiscal policy General government final consumption expenditure,
% GDP EXP World Bank

Population growth Annual population growth rate (%) POP World Bank

Governance Quality

1. Voice and Accountability
2. Political Stability and Absence of Violence/Terrorism
3. Government Effectiveness
4. Regulatory Quality
5. Rule of Law
6. Control of Corruption

Combining these six governance indicators and forming
a governance quality index by applying Principal
component analysis (PCA)

GQ World Bank

* GG = GNS–DPC + CEE–RND–DCD/GNI. GNS = Gross National Saving. DPC = Depreciation of produced capital.
CEE = Government expenditure on education. RND = Rent from the natural resource depletion. DCD = Damages
from CO2 emissions. GNI = Gross national income (Source: Miao et al. 2023). The governance quality index (GQ)
is constructed using principal component analysis (PCA) based on six World Governance Indicators. The first
principal component has an eigenvalue of 5.56 and explains approximately 92% of the total variance, indicating
that a single component captures the vast majority of information across the six indicators. In addition, all
variables exhibit similar positive loadings (ranging from 0.39 to 0.41), suggesting a consistent contribution to
the underlying governance construct. The scree plot further confirms that only the first component should be
retained. Therefore, using a single composite index is appropriate and ensures a parsimonious and representative
measure of governance quality.

3.2.2. Further Decomposition of the Empirical Analyses
Cross-Sectional Dependence and Slope Heterogeneity Tests

Given the strong economic ties and geographic proximity among OECD countries, it
is likely that our data exhibits cross-sectional dependence (CSD). Such interconnections
imply that shocks in one country may spill over to others, making it essential to account
for these influences in the analysis. Addressing CSD is important for three reasons: (1) it
ensures the validity of our estimates, (2) it helps identify common shocks and policy
contagion across countries, and (3) it guides the choice of appropriate econometric methods
(Akyuz et al. 2023). In addition, testing for slope heterogeneity is important, as the effects
of independent variables on the dependent variable may vary across countries in the
panel. Such heterogeneity is particularly relevant in the OECD context because countries
differ substantially in institutional quality, environmental policy frameworks, resource
dependence, and technological development.
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Panel Unit Root and Other Relevant Tests

Panel unit root tests are conducted to examine the stochastic properties of the variables
and to ensure that none of the series are integrated of order two, I(2), which would
undermine the use of heterogeneous dynamic panel estimators. Identifying the order
of integration is important for selecting appropriate subsequent diagnostic tests, including
panel cointegration tests, and for assessing whether the estimated relationships exhibit
persistent dynamic co-movement rather than purely spurious association. Accordingly,
the empirical analysis focuses on persistent dynamic associations and heterogeneous
adjustment processes across OECD countries rather than relying on a strict homogeneous
cointegration-equilibrium framework.

Dynamic Heterogeneous Panel Estimation Using CCEMG and AMG Estimators

The study applies the Common Correlated Effects Mean Group (CCEMG) estimator
and the Augmented Mean Group (AMG) estimator to account for cross-sectional depen-
dence, slope heterogeneity, and unobserved common factors across OECD countries. The
CCEMG method, designed to address complex multifactor error structures, and the AMG
estimator, developed by Eberhardt and Bond (2009), both estimate country-specific regres-
sions before averaging coefficients across groups. Employing CCEMG and AMG in panel
data analysis offers several advantages: (1) correcting for cross-sectional dependence and
unobserved common factors, (2) allowing for heterogeneity in the modeled relationships,
(3) improving the robustness and reliability of coefficient estimates, and (4) addressing het-
erogeneous adjustment dynamics and potential structural breaks in the data. Compared to
alternative second-generation panel techniques, such as pooled common correlated effects
(CCEP) or pooled estimation approaches that impose homogeneous coefficients, CCEMG
and AMG allow for full heterogeneity in slope coefficients and intercepts across countries,
which is particularly important in this study given the diversity of OECD economies in
terms of institutional structures, environmental policies, resource dependence, and techno-
logical development. Unlike pooled approaches that impose common slope coefficients,
these estimators capture country-specific dynamics while effectively controlling for un-
observed common factors, thereby providing more flexible estimation frameworks for
assessing persistent cross-country dynamic associations across heterogeneous economies.
Although both CCEMG and AMG estimators address cross-sectional dependence and
heterogeneity, they rely on different approaches for modeling unobserved common factors
and heterogeneous adjustment processes. Employing both estimators therefore reduces de-
pendence on a single estimation approach and allows assessment of whether the estimated
dynamic associations remain stable across alternative heterogeneous panel frameworks.

4. Empirical Results and Discussions
4.1. Descriptive Statistics and Correlation Matrix

Table 2 reports the descriptive statistics (in Panel A) and correlation matrix (in Panel B)
for the variables. As illustrated in Panel A, Green growth (GG) ranges from a minimum
of −4.75 to a maximum of 6.45, while natural resource rents (NRR) vary between 0.002
and 11.34. Among all variables, green innovations (INV) and government expenditure
(EXP) exhibit the greatest dispersion, indicating substantial cross-country heterogeneity.
Both green innovations (INV) and the environmental policy stringency index (ESPI) record
minimum values of zero, suggesting that in some countries these factors are either negligible
or not effectively implemented. Government expenditure (EXP) displays the highest
maximum value, reaching 27.05.
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Table 2. Descriptive Statistics and Correlation Matrix.

Panel A. Descriptive Statistics

Obs Mean Std. dev. Min P25 P50 P75 Max

GG 505 1.32 1.92 −4.75 2.67 0.47 1.69 6.45

RN 495 14.51 6.18 0.6 5.1 9.2 21.5 31.4

NRR 505 1.12 2.25 0.002 0.15 0.06 0.28 11.34

INV 505 9.56 3.98 1.76 0.63 0.28 0.85 24.64

ESPI 505 1.88 0.98 0.05 1.11 1.70 2.70 3.91

ET 505 2.48 0.80 0.81 2.04 2.47 2.89 5.06

R&D 505 0.046 0.041 0 0.02 0.04 0.05 0.22

EXP 505 18.93 3.93 10.03 17.14 19.24 21.31 27.05

POP 505 9.80 1.18 7.59 8.97 9.40 10.87 12.61

GQ 505 0.002 0.99 −2.75 −0.71 0.10 0.83 1.48

Panel B. Correlation Matrix

GG RN NRR INV ESPI ET R&D EXP POP GQ

GG 1.00

RN 0.19 1.00

NRR −0.05 −0.03 1.00

INV 0.22 0.18 −0.04 1.00

ESPI 0.21 0.25 0.09 0.34 1.00

ET 0.08 0.12 0.04 0.24 0.22 1.00

R&D −0.06 0.19 0.09 0.31 0.36 −0.03 1.00

EXP −0.40 0.10 0.18 0.36 0.06 0.17 0.10 1.00

POP −0.09 −0.22 −0.09 0.04 0.01 −0.04 0.09 −0.24 1.00

GQ 0.11 0.26 0.30 −0.03 0.16 −0.14 0.14 0.16 −0.12 1.00
Note: This table reports the descriptive statistics (Panel A) and correlation matrix (Panel B) for the variables used
in the analysis. GG is green growth; RN is renewable energy consumption; NRR is natural resource rent; INV is
green innovations; ESPI is Environmental Policy Stringency index; ET is environmental tax; R&D is research &
development expenditure; EXP is fiscal policy; POP is population growth; GQ is governance quality.

Moreover, the analysis of correlation matrix in Panel B provides some preliminary
insights into the relationships among the variables and are broadly consistent with the
study’s hypotheses. For example, green growth (GG), as well as the alternative proxy for
green growth (RN), shows positive correlations with green innovations (INV) and environ-
mental policy stringency (ESPI), suggesting that technological development and stronger
environmental policies are associated with improved environmental performance. In con-
trast, natural resource rents (NRR) exhibit a slightly negative correlation with both proxies
for green growth, providing initial support for the resource curse hypothesis. The pairwise
correlations among the explanatory variables are generally modest. The highest correlation
(0.36) is observed between environmental policy stringency (ESPI) and R&D expenditure
(R&D), which remains well below commonly used multicollinearity thresholds. Moderate
correlations between green innovations, environmental regulation, and R&D are expected,
as countries with stronger environmental policies often invest more heavily in technological
innovations. Overall, the correlation matrix does not indicate serious multicollinearity
concerns and supports the suitability of the variables for regression analysis.
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4.2. Cross-Sectional Dependent Test, Slope Heterogeneity Test, Panel Cointegration Test, and
Dynamic Heterogeneous Panel Estimation Using CCEMG and AMG Estimators

Table 3 reports the results of the Pesaran cross-dependence test (Pesaran 2004, 2015).
The p-values are close to zero for all variables, strongly indicating that the data are correlated
across panel groups. Stated differently, there is significant cross-sectional dependence
among all variables of interest.

Table 3. Cross-sectional Dependence Test.

GG NRR INV ESPI ET R&D EXP POP GQ

CD Test 43.01 *** 10.79 *** 17.14 *** 24.12 *** 10.12 *** 10.23 *** 27.15 *** 10.02 *** 13.07 ***

Note: This table reports the results of the Pesaran cross-sectional dependence (CD) test. The null hypothesis is
cross-sectional independence. Rejection of the null indicates the presence of cross-sectional dependence among
panel units. GG is green growth; NRR is natural resource rent; INV is green innovations; ESPI is Environmental
Policy Stringency index; ET is environmental tax; R&D is research & development expenditure; EXP is fiscal
policy; POP is population growth; GQ is governance quality. ***, **, and * denote statistical significance at the 1%,
5%, and 10% levels, respectively.

Table 4 presents the results of the Pesaran and Yamagata (2008) slope heterogeneity
test. The null hypothesis of homogeneity is rejected at the 10% significance level, indicating
that statistically significant heterogeneity exists across the data.

Table 4. Slope Heterogeneity Test.

Delta p-Value

Slope Homogeneity 1.29 0.08 *

Slope Homogeneity (Adjusted) 1.76 0.05 *
Note: This table reports the results of the Pesaran and Yamagata (2008) slope heterogeneity test. The null
hypothesis is slope homogeneity. Rejection of the null indicates the presence of heterogeneity across panel units.
***, **, and * denote statistical significance at the 1%, 5%, and 10% levels, respectively.

Table 5 presents the results of the Pesaran (2007) CIPS unit root test. Specifically,
Table 5 shows that green growth (GG), natural resource rents (NRR), R&D spending (R&D),
population growth (POP), governance quality (GQ), and government expenditure (EXP) are
stationary at levels, indicating that they do not require additional differencing to achieve
stationarity; in contrast, green innovations (INV), the environmental policy stringency
index (ESPI), and environmental taxation (ET) are non-stationary at levels but become sta-
tionary after first differencing. This mixed integration structure suggests that the empirical
framework should not be interpreted as a conventional homogeneous cointegrated system
driven entirely by common stochastic trends. Instead, the analysis focuses on identifying
persistent dynamic associations within a heterogeneous panel framework. Importantly,
none of the variables are integrated of order two, I(2), thereby supporting the applicability
of the adopted second-generation panel estimators.

As the unit root results from Table 5 indicate a mixture of I(0) and I(1) variables, we
conduct the Westerlund (2007) panel cointegration test to assess whether the estimated
relationships exhibit persistent dynamic co-movement rather than purely spurious associ-
ation. The Westerlund test evaluates the null hypothesis of no cointegration against the
alternative that stable dynamic relationships exist among the variables. The results, as
reported in Table 6, show that the group-mean statistics (Gt and Ga) and panel statistics (Pt
and Pa) are all statistically significant at the 1% level, leading to the rejection of the null
hypothesis of no cointegration. Given the mixed integration properties of the variables,
these findings are interpreted cautiously as evidence of persistent dynamic association and
co-movement across panel units rather than definitive proof of a unique homogeneous coin-
tegrating equilibrium relationship. Economically, these findings suggest that the variables
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exhibit stable medium- to long-horizon dynamic interdependence across OECD countries
rather than evolving independently over time. Overall, the findings support the presence
of meaningful dynamic linkages among the variables within the heterogeneous OECD
panel framework.

Table 5. Panel Unit Root Tests.

I(0) I(1)

GG −8.62 ***

NRR −3.48 ***

INV −0.54 −3.07 ***

ESPI 8.10 −7.90 ***

ET −0.67 −9.28 ***

R&D −3.04 ***

EXP −2.83 ***

POP −2.78 ***

GQ −2.40 ***
Note: This table reports the results of the Pesaran (2007) CIPS unit root test. The null hypothesis is the presence of
a unit root. Rejection of the null indicates stationarity. I(0) and I(1) denote stationarity at levels and first differences,
respectively. GG is green growth; NRR is natural resource rent; INV is green innovations; ESPI is Environmental
Policy Stringency index; ET is environmental tax; R&D is research & development expenditure; EXP is fiscal
policy; POP is population growth; GQ is governance quality. ***, **, and * denote statistical significance at the 1%,
5%, and 10% levels, respectively.

Table 6. Westerlund (2007) Panel Cointegration Test.

Statistics Z-Value

Gt −4.55 *** −3.34 ***

Ga −5.07 *** −4.54 ***

Pt −5.13 *** −4.27 ***

Pa −5.17 *** −4.01 ***
Note: The table reports the results of the Westerlund (2007) panel cointegration test based on group-mean (Gt, Ga)
and panel (Pt, Pa) statistics. The null hypothesis is no cointegration. Rejection of the null indicates evidence of
persistent dynamic co-movement among the variables. ***, **, and * denote statistical significance at the 1%, 5%,
and 10% levels, respectively.

Table 7 reports the main results for the study; columns (1), (2), and (3)–(4) present
results related to Models 1, 2, and 3–4, which test hypotheses 1, 2–3, and 4–5, respectively.
Column (1) reveals a significantly negative association between NRR and GG (p < 0.05 under
both CCEMG and AMG models). Quantitatively, a 1-unit increase in NRR corresponds to
an approximate 0.05-unit decline in GG under the CCEMG model and a 0.06-unit decline
under the AMG model. To assess economic significance, we express these effects relative to
the sample mean of GG. Specifically, holding other factors constant, moving from the first to
the third quartile of NRR is associated with a reduction in GG equivalent to approximately
4.9% and 5.9% of the sample mean under the CCEMG and AMG models, respectively.7

These findings validate hypothesis 1 and support the resource curse hypothesis in OECD
countries, suggesting that greater reliance on natural resource rents is associated with
heightened environmental and sustainability-related risks. These results are consistent
with prior studies (Joshua et al. 2020; Li et al. 2021; Miao et al. 2023). While our findings
align with extant literature that supports the resource curse hypothesis, they offer important
insights for OECD economies. Unlike studies related to developing countries, where weak
institutions drive adverse effects, our results show that even in advanced economies, natural
resource rents can hinder green growth. This suggests that strong institutions alone may
not offset environmental risks. In contrast to Wei et al. (2020), who find a resource blessing
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effect, our results indicate that resource rents continue to impose ecological constraints
despite economic advantages. Crucially, resource-rich OECD nations often face structural
challenges such as rent-seeking, reliance on cheap labor, and resource-based exports,
which can result in underutilized resources and declining rents, ultimately constraining
economic prosperity. Moreover, the pursuit of short-term profits from continued resource
exploration incentivizes overexploitation, despite its adverse impact on ecosystems. It is
worth noting that the results remain qualitatively unchanged even when we incorporate one
or more moderating variables into the regression in additional analyses (additional analyses
available upon request). All control variables display coefficients with the anticipated signs.

Table 7. Dynamic Heterogeneous Panel Estimation using CCEMG and AMG estimators.

(1) (2) (3) (4)

Model 1 Model 2 Model 3 Model 4

CCEMG

NRR −0.05 ** (−2.01) −0.03 ** (−1.98) −0.04 ** (−2.08) −0.03 ** (−1.99)

INV 0.02 * (1.89)

ESPI 0.02 ** (1.99)

ET 0.01 ** (2.42)

NRR × INV 0.01 ** (2.50)

NRR × ESPI 0.01 ** (2.31)

NRR × ET 0.03 ** (2.47)

R&D 0.001 ** (2.51) 0.01 *** (2.74) 0.1 (1.54) 0.01 * (1.95)

EXP 1.11 * (1.68) −1.10 (−0.81) 1.11 (1.32) 0.01 ** (2.01)

POP −0.01 * (−1.89) −0.02 (−1.03) −0.11 (−1.07) −0.01 ** (−1.98)

GQ 0.03 * (1.89) 0.01 ** (2.01) 0.04 (1.34) 0.02 (1.49)

Constant 7.25 ** (2.31) 7.01 *** (3.99) 8.1 *** (8.77) 7.4 *** (6.54)

Observations 505 505 505 505

AMG

NRR −0.06 ** (−2.41) −0.031 ** (−1.99) −0.04 ** (−2.08) −0.03 * (−1.91)

INV 0.01 * (1.82)

ESPI 0.02 ** (2.09)

ET 0.01 ** (2.12)

NRR × INV 0.02 ** (2.30)

NRR × ESPI 0.03 ** (2.41)

NRR × ET 0.04 ** (2.29)

R&D 0.001 ** (2.01) 0.14 (0.74) 0.11 (1.54) 0.01 (0.85)

EXP 1.10 * (1.88) −1.00 (−0.81) 1.11 (1.32) 0.01 * (1.86)

POP −0.01 (−1.33) −0.02 * (−1.83) −0.11 (−1.07) −0.01 * (−1.83)

GQ 0.001 ** (2.09) 0.01 (1.01) 0.04 (1.34) 0.001 * (1.78)

Constant 7.21 *** (3.11) 6.01 *** (3.23) 7.33 *** (9.17) 6.91 *** (5.34)

Observations 505 505 505 505
Note: This table reports the dynamic heterogeneous panel estimation results using the Common Correlated Effects
Mean Group (CCEMG) and Augmented Mean Group (AMG) estimators. GG is green growth; NRR is natural
resource rent; INV is green innovations; ESPI is Environmental Policy Stringency index; ET is environmental tax;
R&D is research & development expenditure; EXP is fiscal policy; POP is population growth; GQ is governance
quality. Values in parentheses are t-statistics. ***, **, and * denote statistical significance at the 1%, 5%, and 10%
levels, respectively.
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We next turn to the results of Model 2 to examine the association between green
innovations (INV) and green growth (GG), as well as its moderating role in the associ-
ation between natural resource rents (NRR) and green growth (GG). Column (2) shows
significantly positive coefficients for INV itself (p < 0.1 under both CCEMG and AMG
models) and for its interaction with NRR, NRR × INV (at p < 0.05 under both CCEMG and
AMG models). Quantitatively, on average, a 1-unit increase in INV is associated with an
approximately 0.31-unit increase in GG under the CCEMG model and a 0.32-unit increase in
GG under the AMG model;8 while NRR itself is inversely associated with GG, the positive
interaction term (NRR × INV) indicates that this negative effect becomes weaker as the
level of INV increases. Specifically, each 1-unit increase in INV reduces the adverse effect
of NRR on GG by approximately 0.01-unit under the CCEMG model and a 0.02-unit under
the AMG model, respectively. These findings indicate that INV is positively associated
with GG and weakens the negative association between NRR and GG, thus validating both
hypotheses 2 and 3. This moderating effect extends the literature by showing that green
innovation helps reduce the negative impact of resource rents on green growth. While prior
studies (e.g., Rennings 2000; Yu et al. 2023) focus on its direct environmental benefits, our
results indicate that innovation also reshapes the relationship between resource rents and
green growth. This implies that technological progress not only promotes green growth
but also weakens the adverse association between natural resources and green growth, an
aspect that has received limited attention in prior research. From a practical perspective,
green innovations encompass new or modified processes, techniques, practices, systems,
and products designed to prevent or minimize environmental harm (Rennings 2000; Ren-
nings et al. 2004). Eco-innovation further facilitates economic development by integrating
both technological and non-technological changes, thereby enhancing environmentally
oriented economic performance (Yu et al. 2023).

Lastly, we move on to the results of Models 3 and 4 to examine the association between
environmental regulations, proxied by the environmental policy stringency index (ESPI)
and environmental taxes (ET), on green growth (GG), as well as its moderating role in
the association between natural resource rents (NRR) and green growth (GG). Similar
to column (2), columns (3) and (4) show significantly positive coefficients for both ESPI
(p < 0.05 under both CCEMG and AMG models) and ET (p < 0.05 under both CCEMG and
AMG models), as well as for their interactions with NRR, NRR × ESPI (p < 0.05 under both
CCEMG and AMG models) and NRR × ET (p < 0.05 under both CCEMG and AMG models).
Using the CCEMG model as an example, the marginal effects of ESPI and ET on GG indicate
that, on average, a 1-unit increase in ESPI and ET is associated with approximately 0.031-
and 0.044- unit increases in GG, respectively;9 while NRR alone is negatively associated
with GG, the positive interaction terms (NRR × ESPI and NRR × ET) indicate that this
negative effect becomes weaker as the levels of ESPI and ET increase. Specifically, each
1-unit increase in ESPI and ET reduces the adverse effect of NRR on GG by approximately
a 0.01-unit and 0.03-unit increase in GG, respectively. The marginal effects under the AMG
model are broadly consistent with those under the CCEMG model. Overall, the empirical
evidence suggests that both ESPI and ET are positively associated with GG and weaken
the negative association between NRR and GG, similar to the effect observed with INV.
These findings thus lend support to Hypotheses 4 and 5. This further underscores the role
of policy frameworks in managing the environmental implications of resource use. While
prior studies (e.g., Cheng et al. 2017; Bhowmik et al. 2024) focus on the direct environmental
benefits of regulation, our results show that such policies also reshape the NRR-GG nexus.
In the OECD context, where enforcement is relatively strong, environmental regulations
appear to internalize the externalities of resource extraction and support greener growth
outcomes. From a practical perspective, stricter environmental regulations encourage firms
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to adopt cleaner technologies and practices, thereby promoting more sustainable extraction
and use of natural resources, as well as reducing environmental and sustainability-related
risks associated with excessive resource exploitation. These findings are consistent with
prior studies highlighting the positive role of policy frameworks in promoting sustainable
development and managing resource-related risks (Cheng et al. 2017; Chien et al. 2024;
Doğan et al. 2022; Fernandes et al. 2021; Bhowmik et al. 2024; Caijuan et al. 2024; Okombi
and Babouama 2024).

It is worth noting that there exist some variations in the magnitude and statistical
significance of some control variables across models, which could potentially be attributed
to several factors. First, the introduction of interaction terms changes the interpretation of
coefficients, as they represent conditional rather than unconditional effects. Second, the use
of heterogeneous panel estimators such as CCEMG and AMG allows slope coefficients to
vary across countries, which may lead to changes in the estimated average effects when
model specifications differ. Third, some moderating variables share explanatory power
with control variables, leading to a potential concern of multicollinearity issue within the
empirical model. For instance, green innovations are closely related to R&D expenditure,
while environmental regulation measures may overlap with governance and fiscal policy
variables. To ensure that the variations in the magnitude and statistical significance of some
control variables are not driven by multicollinearity issues in our regression model, we
conduct a variance inflation factor (VIF) test, and the results from the VIF test, reported
in Appendix C, confirm that multicollinearity is within acceptable limits.10 Importantly,
despite these variations, the coefficients of the key variables, natural resource rents and
their interaction terms, remain consistent in sign and statistical significance. Additionally,
we re-estimate all models using median-based indicator transformations of the moderating
variables and obtain qualitatively identical findings (reported in Appendix D), reinforcing
the robustness of our results. These variations are also consistent with the heterogeneous
dynamic nature of OECD economies, where the magnitude of estimated associations may
differ across specifications and adjustment processes.

Moreover, we observe relatively large constant terms across models. However, this
does not indicate model misspecification but reflects the scaling and composite nature of
the dependent variable, green growth (GG), measured by adjusted net savings (ANS). As a
macro-level indicator combining savings, human capital investment, and environmental
depletion, ANS is not centered around zero. In addition, the constant represents the value
of GG when all explanatory variables equal zero, which is not economically meaningful. In
CCEMG and AMG estimations, the intercept also captures unobserved country-specific
effects and the average baseline level of green growth across OECD countries. Therefore,
the magnitude of the constant reflects underlying structural factors rather than a problem
with the model.

4.3. Additional Causality Analysis

While the baseline results, reported in Table 7, establish significant relationships among
the variables, they do not provide information on the direction of causality. To address
this limitation, we further examine the dynamic interactions among the variables using a
panel Granger causality analysis. Specifically, we employ the Dumitrescu and Hurlin (2012)
panel Granger causality test, which accounts for cross-sectional heterogeneity across OECD
countries. This approach enables us to examine the direction of predictive causality and
potential bidirectional relationships among natural resource rents, green growth, and other
explanatory variables.

The results, reported in Table 8, provide evidence of bidirectional predictive causality
between natural resource rents (NRR) and green growth (GG), indicating dynamic interde-
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pendence between these variables. Similarly, green innovation (INV) exhibits bidirectional
predictive causality with GG. In contrast, environmental policy stringency (ESPI) and envi-
ronmental taxes (ET) display unidirectional causality toward GG, suggesting that policy
variables are more strongly associated with subsequent changes in green growth rather
than the reverse relationship. Overall, these findings highlight the complex and interde-
pendent nature of the relationships among the key variables. For ease of interpretation,
Figure 5 provides a visual summary of the significant causal relationships identified by the
Dumitrescu and Hurlin (2012) panel Granger causality test. The figure illustrates both the
direction and significance of the causal linkages among the key variables.

Table 8. Dumitrescu and Hurlin (2012) Panel Granger Causality Test.

Null Hypothesis W-Bar Z-Bar Z-Bar Tilde

NRR does not Granger-cause GG 2.32 4.95 *** (0.000) 3.74 *** (0.000)

GG does not Granger-cause NRR 2.4 5.52 *** (0.000) 4.22 *** (0.000)

INV does not Granger-cause GG 2.11 4.36 *** (0.000) 3.26 *** (0.000)

GG does not Granger-cause INV 2.10 4.00 *** (0.000) 2.96 *** (0.000)

ESPI does not Granger-cause GG 2.80 6.74 *** (0.000) 5.22 *** (0.000)

GG does not Granger-cause ESPI 0.811 0.70 (0.48) 0.92 (0.35)

ET does not Granger-cause GG 2.71 6.40 *** (0.000) 4.94 *** (0.000)

GG does not Granger-cause ET 1.46 1.72 (0.19) 1.08 (0.27)

R&D does not Granger-cause GG 2.67 6.30 *** (0.000) 5.01 *** (0.000)

GG does not Granger-cause R&D 1.91 3.31 (0.18) 2.47 (0.29)

EXP does not Granger-cause GG 3.64 5.52 *** (0.000) 4.93 *** (0.000)

GG does not Granger-cause EXP 0.89 −0.37 (0.70) −0.65 (0.51)

POP does not Granger-cause GG 2.61 4.34 *** (0.000) 5.10 *** (0.000)

GG does not Granger-cause POP 0.87 −0.33 (0.89) −0.56 (0.53)

GQ does not Granger-cause GG 2.46 5.26 *** (0.000) 4.06 *** (0.000)

GG does not Granger-cause GQ 0.83 0.62 (0.53) 0.85 (0.39)
Note: This table reports the results of the Dumitrescu and Hurlin (2012) panel Granger causality test. The null
hypothesis is no Granger causality. Rejection of the null indicates the presence of causality for at least some panel
units. GG is green growth; NRR is natural resource rent; INV is green innovations; ESPI is Environmental Policy
Stringency index; ET is environmental tax; R&D is research & development expenditure; EXP is fiscal policy; POP
is population growth; GQ is governance quality. Values in parentheses represent p-values. ***, **, and * denote
statistical significance at the 1%, 5%, and 10% levels, respectively.

These results also suggest potential simultaneity among certain variables and further
support the presence of bidirectional relationships, reinforcing the need for additional
robustness checks to address endogeneity and reverse causality concerns. These issues
are partially addressed in our empirical framework through the use of CCEMG and AMG
estimators, as well as additional robustness checks including GMM and instrumental
variable estimation.
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Figure 5. Visual Summary of the Dumitrescu and Hurlin (2012) Panel Granger Causality Test Results.
Note: A double-headed arrow (↔) denotes statistically significant bidirectional Granger causality,
whereas a single-headed arrow (→) denotes statistically significant unidirectional Granger causality
toward green growth (GG). All causal relationships shown in the figure are statistically significant at
the 1% level.

4.4. Robustness Tests

To ensure that our main findings are not driven by potential econometric issues, we
conduct a series of robustness tests.

4.4.1. Endogeneity Concerns

Although the baseline estimators account for cross-sectional dependence and hetero-
geneity, potential endogeneity may still arise from simultaneity, omitted variables, and
measurement errors. Therefore, the following analyses employ additional approaches, in-
cluding system generalized method of moments (GMM), propensity score matching (PSM),
and instrumental variable (IV) estimation, to examine whether the estimated dynamic
associations remain robust under alternative identification strategies.

Generalized Method of Moments (GMM)

To mitigate the endogeneity concerns, we first employ the two-step system GMM
estimator, which includes the lagged value of GG in the regression models, and the results
are reported in Table 9. The validity of the system GMM estimates is evaluated using
several diagnostic tests. The Arellano–Bond test shows significant AR(1) but insignificant
AR(2) statistics, indicating the absence of second-order serial correlation and supporting
the validity of the lagged instruments. In addition, the Sargan test of overidentifying
restrictions yields p-values ranging from 0.22 to 0.78, suggesting that the null hypothesis
of instrument validity cannot be rejected. Although the magnitude of coefficients differs
from those obtained using CCEMG and AMG estimators, this is expected because system
GMM captures short-run dynamic effects through the inclusion of the lagged dependent
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variable, whereas CCEMG and AMG primarily capture persistent dynamic associations
across countries. Importantly, the signs and statistical significance of the key variables
remain consistent across estimators, confirming the robustness of the results presented in
Table 7. It is also worth noting that the coefficient on the lagged dependent variable in model
1 exceeds unity, indicating strong persistence in green growth. While this could suggest
non-stationary dynamics, it may also reflect the cumulative nature of adjusted net savings
and the limitations of dynamic panel estimation. With the inclusion of green innovation
and environmental regulation in models 2 to 4, the coefficient declines, suggesting that
these factors help explain part of the persistence in green growth rather than implying a
shift from divergence to convergence.

Table 9. Two-Step System GMM Test.

(1) (2) (3) (4)

Model 1 Model 2 Model 3 Model 4

l.GG 1.06 * (1.96) 0.60 * (1.86) 0.34 * (1.95) 0.41 ** (1.98)

NRR −0.31 ** (−1.98) −0.30 ** (−1.99) −0.20 * (−1.96) −0.29 * (−1.90)

INV 0.13 ** (1.99)

ESPI 0.09 * (1.96)

ET 0.04 ** (1.99)

NRR × INV 0.03 * (1.91)

NRR × ESPI 0.02 ** (2.75)

NRR × ET 0.05 *** (2.69)

R&D 0.13 (1.17) 0.04 ** (2.10) −11.12 (−0.81) 0.08 * (1.96)

EXP 0.31 (1.03) −0.86 (−0.13) −0.75 (−0.03) 0.06 * (1.96)

POP −0.01 (−1.06) −0.01 ** (−2.21) −0.22 (−1.03) −0.01 ** (−1.99)

GQ 0.07 * (1.91) 0.05 ** (2.01) 0.09 (1.21) 0.04 ** (2.22)

AR(1) 0.02 0.01 0.01 0.03

AR(2) 0.51 0.17 0.14 0.12

Sargan test 0.22 0.32 0.78 0.26

Observations 364 364 362 356
Note: This table reports the results of the two-step system GMM estimation. The numbers in parentheses are
t-statistics. AR(1) and AR(2) refer to first- and second-order serial correlation tests. The Sargan test evaluates the
validity of instruments; failure to reject the null indicates valid instruments. GG is green growth; NRR is natural
resource rent; INV is green innovations; ESPI is Environmental Policy Stringency index; ET is environmental tax;
R&D is research & development expenditure; EXP is fiscal policy; POP is population growth; GQ is governance
quality. The numbers in parentheses are t-statistics. ***, **, and * denote statistical significance at the 1%, 5%, and
10% levels, respectively.

Propensity Score Matching (PSM)

Although Propensity Score Matching (PSM) is more commonly used in micro-level
studies, it can also be applied in macro-level analyses to improve comparability across
countries. In this study, we also apply the Propensity Score Matching (PSM) method as a
robustness check to reduce selection bias by matching countries with similar observable
characteristics. Specifically, we first divide countries into a control group (with values below
the median) and a treatment group (with values above the median) for NRR, INV, ESPI, and
ET for models 1 to 4, respectively. While this approach simplifies continuous variables, it
provides a practical way to distinguish between relatively high and low levels and ensures
sufficient observations in each group. Next, we estimate propensity scores using a logit
regression, where the dependent variable is a dummy equal to 1 if the value exceeds the
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median and 0 otherwise for NRR, INV, ESPI, and ET, and all control variables are included
as independent variables. We employ replacement matching, allowing a control country to
be matched with more than one treatment country. Finally, we conduct a post-matching
regression, ensuring that the difference in scores between treatment and matched control
groups does not exceed a 5% significance level. After the matching process, we re-estimate
the empirical analyses, with the results reported in columns (1)–(4) of Table 10. As shown,
the results are consistent with those in Table 7. Specifically, NRR alone is negatively
associated with GG, while INV, ESPI, and ET individually exhibit positive associations
with GG. Moreover, the presence of INV, ESPI, or ET mitigates the adverse effect of NRR
on GG. Overall, the application of PSM helps address endogeneity concerns by reducing
observable selection bias, although it does not eliminate bias from unobserved factors.

Table 10. Propensity Score Matching (PSM).

(1) (2) (3) (4)

Model 1 Model 2 Model 3 Model 4

NRR −0.11 ** (−2.11) −0.12 ** (−2.07) −0.11 ** (−2.01) −0.12 ** (−2.01)

INV 0.06 * (1.69)

ESPI 0.05 ** (2.00)

ET 0.08 ** (1.98)

NRR × INV 0.15 ** (1.98)

NRR × ESPI 0.07 ** (2.03)

NRR × ET 0.06 ** (1.99)

R&D 0.01 * (1.87) 1.31 (0.27) 1.31 (0.27) 1.31 (0.27)

EXP −0.26 (−1.34) −0.26 (−1.34) −0.26 (−1.34) −0.26 (−1.34)

POP −0.03 * (−1.69) −0.09 (−1.59) −0.09 ** (−1.99) −0.09 * (−1.87)

GQ 0.01 ** (2.15) 0.02 (1.35) 0.02 * (1.95) 0.02 (1.45)

Constant 7.34 ** (2.29) 6.24 ** (2.09) 5.54 ** (2.31) 6.34 ** (2.09)

Adjusted R2 0.31 0.34 0.29 0.33

Observations 264 260 251 261
Note: This table reports the results of the propensity score matching (PSM) estimation. Treatment and control
groups are defined based on median values of key variables. GG is green growth; NRR is natural resource
rent; INV is green innovations; ESPI is Environmental Policy Stringency index; ET is environmental tax; R&D is
research & development expenditure; EXP is fiscal policy; POP is population growth; GQ is governance quality.
The numbers in parentheses are t-statistics. ***, **, and * denote statistical significance at the 1%, 5%, and 10%
levels, respectively.

Instrumental Variable Approach (IV Regression)

To further address potential endogeneity concerns, we employ an instrumental vari-
able (IV) approach using land area (measured in acres), obtained from the World Bank
database, as an instrument for natural resource rents. Larger land endowments are typically
associated with greater availability of natural resources, thereby influencing resource rents.
Meanwhile, land area is largely determined by geographical factors and is plausibly exoge-
nous to economic and policy conditions related to green growth. Crucially, it is unlikely
to be systematically correlated with the error term in the green growth equation, as it is
not directly linked to unobserved determinants of green growth. Therefore, conditional on
relevant controls, land area is expected to affect green growth primarily through its impact
on natural resource rents, satisfying the relevance and exclusion restrictions required for
a valid instrument. In the first-stage regression, we regress natural resource rents (NRR)
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on land area and the full set of controls to obtain the fitted values of NRR. In the second
stage, we replace NRR with its fitted values (Instrumented NRR) and re-estimate all models.
Table 11 presents the second-stage results of the IV estimation. As shown in the table, the
coefficients on the key variables, including instrumented natural resource rents, green inno-
vation (INV), environmental policy stringency (ESPI), environmental taxation (ET), and the
corresponding interaction terms, remain consistent in both sign and statistical significance
with those reported in Table 7, further validating the robustness of our main findings.

Table 11. Instrumental Variable Approach (IV Regression).

(1) (2) (3) (4)

Model 1 Model 2 Model 3 Model 4

Instrumented NRR −0.065 * (−1.91) −0.053 * (−1.88) −0.066 * (−1.78) −0.047 * (−1.77)

INV 0.053 * (1.68)

ESPI 0.032 * (1.86)

ET 0.015 * (1.72)

NRR × INV 0.022 * (1.70)

NRR × ESPI 0.002 * (1.71)

NRR × ET 0.021 ** (1.97)

R&D 0.01 * (1.71) 0.02 * (1.74) 0.01 (1.34) 0.01 (1.25)

EXP 0.11 * (1.68) 0.10 (1.31) 0.11 (1.22) 0.10 * (1.71)

POP −0.01 * (−1.77) −0.02 * (−1.63) −0.01 (−1.55) −0.01 (−1.43)

GQ 0.031 ** (1.99) 0.020 * (1.81) 0.01 (1.24) 0.02 (1.27)

Constant 6.95 * (1.91) 7.12 * (1.79) 7.21 *** (3.14) 7.21 ** (2.54)

Observations 505 505 505 505
Note: This table reports the results of the instrumental variable (IV) estimation. GG is green growth; Instrumented
NRR represents the predicted values of natural resource rents obtained from the first-stage regression, using
land area (including inland water bodies and coastal areas) as an instrument; INV is green innovations; ESPI is
Environmental Policy Stringency index; ET is environmental tax; R&D is research & development expenditure;
EXP is fiscal policy; POP is population growth; GQ is governance quality. The numbers in parentheses are
t-statistics. ***, **, and * denote statistical significance at the 1%, 5%, and 10% levels, respectively.

4.4.2. Alternative Measure of Green Growth

As previously discussed, our main findings may be driven by a potential mechanical
correlation between adjusted net savings (ANS) and natural resource rents (NRR). To
address this concern, we conduct an additional analysis using an alternative proxy for
green growth, namely the percentage of renewable energy consumption in total energy use
(RN), obtained from the World Bank database.11 This adjustment reduces our sample to
495 country-year observations. The results, reported in Table 12, indicate that the coeffi-
cients on the key variables, including natural resource rents, three proxies of moderating
variables (INV, ESPI, and ET), and their interaction terms, remain consistent in both sign
and statistical significance, thereby reinforcing the robustness of our findings. It is worth
noting that the larger coefficient magnitudes observed under the renewable energy proxy
likely reflect the more direct environmental orientation of renewable energy consumption
relative to the broader sustainability-oriented nature of adjusted net savings.
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Table 12. Alternative Measure of Green Growth (RN).

(1) (2) (3) (4)

Model 1 Model 2 Model 3 Model 4

CCEMG

NRR −0.51 *** (−2.89) −0.57 *** (−2.77) −0.61 *** (−2.88) −0.57 *** (−2.81)

INV 0.25 ** (2.18)

ESPI 0.02 * (1.67)

ET 0.02 * (1.82)

NRR × INV 0.09 * (1.78)

NRR × ESPI 0.13 ** (2.13)

NRR × ET 0.11 ** (2.36)

R&D 0.001 * (1.67) 0.001 * (1.87) 0.002 * (1.77) 0.001 * (1.87)

EXP 0.01 ** (2.35) 0.01 ** (2.31) 0.02 * (1.91) 0.01 ** (2.21)

POP −1.02 * (−1.89) −1.01 ** (−2.42) −1.02 * (−1.89) −1.01 ** (−2.21)

GQ 0.02 * (1.91) 0.01 ** (1.99) 0.01 ** (2.01) 0.02 * (1.88)

Constant 13.32 *** (2.97) 14.01 *** (3.01) 11.62 *** (3.79) 11.29 *** (4.71)

Observations 495 495 495 495

AMG

NRR −0.52 *** (−3.21) −0.50 *** (−4.66) −0.55 *** (−3.23) −0.61 *** (−3.63)

INV 0.25 ** (2.18)

ESPI 0.02 * (1.67)

ET 0.02 * (1.82)

NRR × INV 0.07 * (1.88)

NRR × ESPI 0.11 ** (2.43)

NRR × ET 0.21 *** (2.96)

R&D 0.001 * (1.88) 0.001 * (1.87) 0.002 * (1.81) 0.001 * (1.77)

EXP 0.02 * (1.93) 0.01 * (1.81) 0.02 * (1.91) 0.01 ** (2.21)

POP −1.02 * (−1.89) −1.01 * (−2.02) −1.02 * (−1.89) −1.01 * (−1.92)

GQ 0.01 * (1.81) 0.01 * (1.89) 0.01 * (1.91) 0.02 * (1.79)

Constant 11.88 *** (2.77) 12.66 *** (5.22) 11.81 *** (4.99) 12.01 *** (3.88)

Observations 495 495 495 495
Note: This table reports the results using an alternative measure of green growth (RN), defined as renewable
energy consumption, as the dependent variable. NRR is natural resource rent; INV is green innovations; ESPI is
Environmental Policy Stringency index; ET is environmental tax; R&D is research & development expenditure;
EXP is fiscal policy; POP is population growth; GQ is governance quality. The numbers in parentheses are
t-statistics. ***, **, and * denote statistical significance at the 1%, 5%, and 10% levels, respectively.

4.4.3. Sensitivity Analyses and Weighted Least Square (WLS)

Because natural resource rents exhibit substantial dispersion across OECD countries,
we conduct additional sensitivity analyses to assess whether the results are disproportion-
ately driven by extreme observations or leverage points. Specifically, as shown in Figure 3,
several countries (e.g., Chile, Norway, Australia, and Canada) exhibit substantially higher
levels of natural resource rents compared to the rest of the sample. To ensure that our main
results are not driven by these high-NRR countries, we conduct a sensitivity analysis by
excluding observations from those countries. The results, reported in Appendix E.1, remain

https://doi.org/10.3390/risks14070160

https://doi.org/10.3390/risks14070160


Risks 2026, 14, 160 25 of 43

qualitatively unchanged. Similarly, we also conduct another sensitivity analysis by exclud-
ing observations from low-NRR countries (e.g., Belgium, France, Germany, Italy) and find
identical results (reported in Appendix E.2) to our main findings from Table 7.12 To further
examine cross-country heterogeneity, we divide the sample into two subgroups based on
the median value of natural resource rents (NRR), distinguishing between resource-rich and
resource-poor countries. The results, reported in Appendix E.3, indicate that the estimated
relationships remain quantitatively similar across the two subsamples, suggesting that
these mechanisms operate in a broadly consistent manner across both resource-rich and
resource-poor countries. Furthermore, to verify that our findings are not disproportionately
influenced by countries with larger numbers of observations, we re-estimate all models us-
ing weighted least squares (WLS), where weights are based on the number of observations
per country. The results, reported in Appendix E.4, again remain robust and qualitatively
identical. Collectively, these analyses reduce concerns that the estimated associations are
driven primarily by extreme observations or leverage effects within the sample.

4.4.4. Cross-Sectional Autoregressive Distributed Lag (CS-ARDL) Model

To further assess the robustness of our findings, we employ the Cross-Sectional Autore-
gressive Distributed Lag (CS-ARDL) model, which accounts for cross-sectional dependence
and heterogeneous adjustment dynamics across countries. The results, reported in Table 13,
are qualitatively consistent with the baseline CCEMG and AMG estimations, with NRR
remaining negatively significant and INV, ESPI, ET, as well as their interaction terms, re-
maining positively significant. Moreover, the error correction term (ECT) is negative and
statistically significant across all specifications, suggesting stable dynamic adjustments
following short-run deviations. Taken together with the significant Westerlund (2007)
cointegration results, these findings provide supporting evidence of persistent dynamic
co-movement among the variables. Given the mixed integration properties of the variables,
however, the results are interpreted cautiously as evidence of persistent dynamic association
rather than definitive proof of a strict homogeneous cointegration-equilibrium relationship.

Table 13. CS-ARDL Dynamic Robustness Analysis.

(1) (2) (3) (4)

Model 1 Model 2 Model 3 Model 4

Long-run Estimates

NRR −0.06 ** (−2.47) −0.07 * (−1.78) −0.07 ** (−2.19) −0.08 * (−1.86)

INV 0.03 * (1.94)

ESPI 0.04 ** (2.04)

ET 0.04 * (1.93)

NRR × INV 0.01 * (1.88)

NRR × ESPI 0.02 ** (2.33)

NRR × ET 0.01 * (1.86)

R&D 1.01 * (1.65) 1.09 * (1.78) 0.08 * (1.81) 0.009 * (1.69)

EXP 0.01 * (1.81) 0.03 (1.13) 0.01 * (1.90) 0.08 (1.19)

POP −0.02 ** (−2.45) −0.01 * (−1.81) −0.02 * (−1.79) −0.004 (−1.17)

GQ 0.002 * (1.88) 0.01 (1.09) 0.01 * (1.91) 0.01 * (1.70)
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Table 13. Cont.

Short-run Estimates

D.NRR −0.10 * (−1.81) −0.11 * (−1.78) −0.10 * (−1.68) −0.11 * (−1.72)

D.INV 0.01 * (1.73)

D.ESPI 0.06 (1.54)

D.ET 0.05 * (1.88)

D.NRR × INV 0.06 * (1.67)

D.NRR × ESPI 0.01 (1.49)

D.NRR × ET 0.04 * (1.77)

D.R&D 0.01 (1.22) 1.03 * (1.83) 1.03 * (1.71) 1.01 (1.00)

D.EXP 1.09 (1.33) 1.13 (1.11) 1.13 (0.11) 1.23 (1.05)

D.POP −0.05 * (−1.91) −0.04 (−0.15) −0.01 * (−1.65) −1.09 (−0.98)

D.GQ 0.10 (1.00) 0.03 (0.06) 0.08 (1.00) 0.03 (0.97)

ECT −0.09 ** (−1.98) −0.08 ** (−2.31) −0.09 ** (−2.43) −0.08 ** (−2.25)
Note: This table reports the results of the Cross-Sectional Autoregressive Distributed Lag (CS-ARDL) estimation.
The upper panel presents the estimated medium- to long-horizon dynamic associations, while the lower panel
reports short-run dynamic estimates. ECT denotes the error-correction term. A negative and statistically significant
ECT suggests stable dynamic adjustments following short-run deviations. GG is green growth; NRR is natural
resource rent; INV is green innovations; ESPI is Environmental Policy Stringency index; ET is environmental tax;
R&D is research & development expenditure; EXP is fiscal policy; POP is population growth; GQ is governance
quality. Values in parentheses are t-statistics. ***, **, and * denote statistical significance at the 1%, 5%, and 10%
levels, respectively.

4.4.5. Structural Break and Nonlinearity Considerations

Given that macroeconomic relationships may be subject to structural changes and
nonlinear dynamics, we further assess the robustness of our results by accounting for these
potential issues. To capture structural shifts, we re-estimate all the empirical analyses by
introducing a dummy variable (Post 2015) representing the post-2015 period associated
with the Paris Agreement, a major global environmental policy change, and interacting this
dummy with the key variables in Models 1–4. A structural break may be suggested if the
Post 2015 dummy variable and its interaction terms are statistically significant, indicating
that the estimated relationships differ between the pre- and post-2015 periods. The results,
reported in Appendix F, do not provide evidence of material structural changes in the
estimated relationships. Specifically, NRR remains negatively associated with green growth,
while INV, ESPI, ET, and their corresponding interaction terms remain positively associated
with green growth under both CCEMG and AMG estimators. More importantly, the
majority of the coefficients on the Post 2015 dummy variable and its interaction terms
are statistically insignificant, suggesting that the estimated relationships do not differ
materially between the pre- and post-2015 periods. Overall, the evidence reported in
Appendix F suggests that the main findings are robust to potential structural changes
associated with the Paris Agreement and that structural breaks do not materially affect the
estimated relationships.

Regarding nonlinearity, while the relationship between natural resource rents and
green growth may exhibit nonlinear dynamics, the focus of this study is on average dynamic
associations within a linear framework. The use of second-generation panel estimators such
as CCEMG and AMG allows for cross-country heterogeneity, which partially mitigates
this concern. Overall, the stability of the results across specifications supports the validity
of the linear modeling approach adopted in this study. Nevertheless, exploring potential
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nonlinearities and threshold effects, particularly regarding environmental regulation and
resource dependence, remains an important avenue for future research.

4.4.6. Robustness Analysis Using Driscoll–Kraay Robust Standard Errors

To further ensure that our findings are not sensitive to the estimation of standard errors,
we re-estimate the baseline models using Driscoll–Kraay robust standard errors, which are
robust to heteroskedasticity, serial correlation, and cross-sectional dependence in panel data.
Compared with conventional covariance estimators, the Driscoll–Kraay approach provides
more reliable statistical inference when residuals exhibit cross-sectional dependence, a
common feature of macroeconomic panel datasets (Driscoll and Kraay 1998; Hoechle 2007).
The results, reported in Appendix G, remain qualitatively consistent with the baseline
findings, with the key variables preserving their signs and statistical significance. These
findings provide additional support for the robustness of the empirical results.

To sum up, although the magnitude of several coefficients varies across robustness
specifications, the overall direction and statistical significance of the key variables remain
broadly consistent. These differences in coefficient magnitude are expected because the
alternative estimators capture different dimensions of the underlying relationships. For ex-
ample, the system GMM estimator incorporates lagged dependent variables and therefore
reflects short-run dynamic adjustments, whereas CCEMG and AMG estimators primarily
capture heterogeneous cross-country dynamic associations while accounting for unob-
served common factors. Similarly, the instrumental variable approach partially addresses
endogeneity concerns, while propensity score matching improves comparability across
countries with similar observable characteristics. In addition, the alternative proxy for
green growth captures a different dimension of environmentally sustainable economic
performance. Accordingly, variations in coefficient magnitude across specifications reflect
differences in model structure, adjustment dynamics, and measurement approaches rather
than instability in the core empirical relationships. Importantly, the consistency in the signs
and statistical significance of the key variables across estimation techniques strengthens
confidence in the robustness of the main findings.

5. Conclusions
Using CCEMG and AMG estimators, this study investigates the association between

green growth (GG) and natural resource rents (NRR) in OECD countries from 1996 to
2020, considering the moderating roles of green innovations (INV) and environmental
regulations (ESPI and ET). The findings reveal a negative association between natural
resource rents (NRR) and green growth (GG), supporting the resource curse hypothesis,
as well as highlighting the economic, institutional, and environmental risks associated
with resource dependence. Additionally, the empirical evidence suggests that green in-
novations (INV) and environmental regulations (ESPI and ET) not only promote green
growth (GG) but also weaken the adverse association between natural resource rents (NRR)
and green growth (GG), thereby suggesting their positive roles in managing the resource-
related risks. The main findings remain robust across alternative variable definitions and
model specifications.

From a policy perspective, the findings suggest that governments should adopt tar-
geted policy instruments to mitigate resource-related risks and promote green growth.
Specifically, policies that support green innovation, such as R&D subsidies, tax incen-
tives for clean technologies, and support for green patents, can enhance the capacity of
firms to adopt environmentally sustainable practices. In addition, environmental regu-
lations, including carbon pricing mechanisms, environmental taxes, and stricter policy
stringency measures, can help internalize environmental externalities and reduce the ad-
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verse sustainability-related risks associated with resource dependence. Together, these
policy tools can facilitate the transition toward more sustainable economic systems in
resource-rich OECD countries. Importantly, the effectiveness of these policies may vary
across countries. Resource-intensive economies require stronger regulation and greater
investment in green innovation to offset environmental damage, whereas less resource-
dependent countries may benefit more from preventive strategies that promote sustainable
practices and early technological adoption. Overall, the interaction between economic, tech-
nological, and environmental factors highlights the need for integrated policy approaches
that combine innovation support with regulatory measures.

Despite its contributions, this study is subject to several limitations that also help de-
lineate the scope and contribution of the analysis. First, as the study relies on aggregate
country-level data, it may overlook within-country heterogeneity and sector-specific dynam-
ics. However, this aggregation enables a consistent cross-country comparison across OECD
economies, which is essential for identifying generalizable patterns in the relationship be-
tween natural resource rents and green growth. Second, although advanced econometric
techniques such as CCEMG and AMG are employed, potential endogeneity concerns may
still persist. Nevertheless, the use of multiple robustness checks strengthens the credibility
of the findings and supports the validity of the identified relationships. In addition, because
the variables exhibit mixed integration properties, the findings should be interpreted as evi-
dence of persistent heterogeneous dynamic associations rather than as a strict homogeneous
cointegration-equilibrium relationship. Third, the proxy for green growth, the Adjusted Net
Saving (ANS) indicator, may not fully capture the multidimensional nature of green growth.
To address this concern, the study incorporates an alternative proxy based on renewable
energy consumption, which yields consistent results and reinforces the robustness of the
conclusions. In addition, the proxy for green innovation primarily captures the intensity of
environmental technologies rather than their quality or effectiveness. Alternative innovation
measures, such as patent citations or innovation efficiency indicators, may provide additional
insights and could be explored in future studies. Fourth, although this study accounts for
potential structural changes using policy-based dummy variables, formal structural break
tests are not explicitly implemented. In addition, the analysis is conducted within a linear
framework, which may not fully capture potential nonlinear dynamics. Future research may
employ formal structural break tests and nonlinear panel models to further explore these
aspects. Although the study incorporates dynamic panel techniques and Granger causality
analysis, additional lag structures and alternative dynamic specifications may provide fur-
ther insights into the temporal interactions among the variables. Fifth, the focus on OECD
countries limits the generalizability of the findings to developing economies. However, this
focus represents a key contribution of the study, as it provides new insights into the NRR-GG
nexus within advanced economies characterized by stronger institutional frameworks and
environmental policies. Finally, while this study focuses on natural resource rents as a mea-
sure of the economic utilization of natural resources, alternative operationalizations, such as
export-based resource dependence, may capture different dimensions of resource reliance.
Future research may further explore these alternative measures.

Future research could extend this analysis to non-OECD countries, incorporate gover-
nance indicators as moderators, and employ other alternative measures of green growth
to provide a more comprehensive understanding of the NRR–GG nexus, including the
economic, environmental, and institutional risks associated with resource dependence.
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Appendix A
Appendix A.1. Sample Distribution by Countries

Country Freq. Percent Cum.

Australia 17 3.37 3.37

Austria 14 2.77 6.14

Belgium 16 3.17 9.31

Canada 18 3.56 12.87

Chile 19 3.76 16.63

Czechia 17 3.37 20

Denmark 14 2.77 22.77

Finland 18 3.56 26.34

France 21 4.16 30.5

Germany 18 3.56 34.06

Greece 17 3.37 37.43

Hungary 14 2.77 40.2

Ireland 16 3.17 43.37

Italy 20 3.96 47.33

Japan 18 3.56 50.89

Korea, Rep. 17 3.37 54.26

Netherlands 19 3.76 58.02

New Zealand 16 3.17 61.19

Norway 20 3.96 65.15

Poland 20 3.96 69.11

Portugal 18 3.56 72.67

Slovak Republic 18 3.56 76.24

Slovenia 18 3.56 79.8

Spain 18 3.56 83.37

Sweden 15 2.97 86.34

Switzerland 19 3.76 90.1

Turkey 14 2.77 92.87

United Kingdom 18 3.56 96.44

United States 18 3.56 100

Total 505 100
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Appendix A.2. Sample Distribution by Years

Year Frequency Percent Cumulative Percent

1996 21 4.16 4.16
1997 20 3.96 8.12
1998 19 3.76 11.88
1999 21 4.16 16.04
2000 20 3.96 20.00
2001 19 3.76 23.76
2002 21 4.16 27.92
2003 20 3.96 31.88
2004 20 3.96 35.84
2005 21 4.16 40.00
2006 20 3.96 43.96
2007 21 4.16 48.12
2008 20 3.96 52.08
2009 20 3.96 56.04
2010 21 4.16 60.20
2011 21 4.16 64.36
2012 19 3.76 68.12
2013 20 3.96 72.08
2014 20 3.96 76.04
2015 20 3.96 80.00
2016 19 3.76 83.76
2017 21 4.16 87.92
2018 20 3.96 91.88
2019 20 3.96 95.84
2020 21 4.16 100.00
Total 505 100.00

Appendix B. Income-Level of Countries in Our Sample

No. Country Region Income Level G20

1 Australia Asia-Pacific High-income Yes

2 Austria Western Europe High-income

3 Belgium Western Europe High-income

4 Canada North America High-income Yes

5 Chile Latin America High-income

6 Czech Republic (Czechia) Central/Eastern Europe High-income

7 Denmark Nordic High-income

8 Finland Nordic High-income

9 France Western Europe High-income Yes

10 Germany Western Europe High-income Yes

11 Greece Southern Europe High-income
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No. Country Region Income Level G20

12 Hungary Central/Eastern Europe High-income

13 Ireland Western Europe High-income

14 Italy Southern Europe High-income Yes

15 Japan Asia-Pacific High-income Yes

16 South Korea (Republic of Korea) Asia-Pacific High-income Yes

17 Netherlands Western Europe High-income

18 New Zealand Asia-Pacific High-income

19 Norway Nordic High-income

20 Poland Central/Eastern Europe High-income

21 Portugal Southern Europe High-income

22 Slovak Republic Central/Eastern Europe High-income

23 Slovenia Central/Eastern Europe High-income

24 Spain Southern Europe High-income

25 Sweden Nordic High-income

26 Switzerland Western Europe High-income

27 Türkiye Eurasia Upper-middle income Yes

28 United Kingdom Western Europe High-income Yes

29 United States North America High-income Yes

Appendix C. Variance Inflation Factor (VIF) Test

VIF

Model 1 Model 2 Model 3 Model 4

NRR 1.12 5.25 5.56 5.87

INV 1.53

ESPI 1.46

ET 1.97

NRR × INV 6.56

NRR × ESPI 6.59

NRR × ET 7.06

R&D 1.31 1.34 1.46 1.36

EXP 1.35 1.56 1.45 1.65

POP 1.12 1.13 1.15 1.42

GQ 1.29 1.33 1.31 1.41

Mean value 1.03 2.71 2.71 2.96

https://doi.org/10.3390/risks14070160

https://doi.org/10.3390/risks14070160


Risks 2026, 14, 160 32 of 43

Appendix D. Median-Based Indicator Transformations of the
Moderating Variables

(1) (2) (3) (4)

Model 1 Model 2 Model 3 Model 4

CCEMG

NRR −0.05 ** (−1.99) −0.043 ** (−2.21) −0.040 * (−1.87) −0.039 * (−1.85)

INV_half 0.110 * (1.78)

ESPI_half 0.057 * (1.66)

ET_half 0.040 * (1.65)

INV_half × NRR 0.051 * (1.88)

ESPI_half × NRR 0.031 * (1.69)

ET_half × NRR 0.031 * (1.65)

R&D 0.001 ** (2.51) 0.01 * (1.67) 0.11 (1.54) 0.01 * (1.65)

EXP 1.11 * (1.68) 0.01 * (1.81) 0.11 (1.40) 0.01 * (1.86)

POP −0.01 * (1.89) −0.02 * (−1.75) −0.12 (−1.57) −0.01 * (−1.79)

GQ 0.03 * (1.89) 0.01 (1.51) 0.04 (1.54) 0.001 * (1.78)

Constant 7.25 *** (3.31) 6.20 ** (2.27) 7.20 * (1.87) 6.91 ** (2.20)

Observations 505 505 505 505

AMG

NRR −0.049 ** (−2.41) −0.039 * (−1.81) −0.043 ** (−2.02) −0.035 * (−1.77)

INV_half 0.12 * (1.68)

ESPI_half 0.034 * (1.88)

ET_half 0.032 * (1.69)

INV_half × NRR 0.043 * (1.96)

ESPI_half × NRR 0.029 * (1.83)

ET_half × NRR 0.029 * (1.94)

R&D 0.001 ** (2.11) 0.01 * (1.78) 0.15 (1.34) 0.002 * (1.82)

EXP 1.10 * (1.88) 1.09 * (1.69) 0.01 (1.63) 0.01 (1.29)

POP −0.01 (1.33) −0.02 ** (−1.98) −0.19 (−1.61) −0.03 ** (−1.99)

GQ 0.001 ** (2.09) 0.003 * (1.62) 0.01 (1.62) 0.001 * (1.84)

Constant 7.21 *** (3.11) 6.89 *** (4.52) 7.17 ** (2.09) 6.73 *** (5.83)

Observations 505 505 505 505
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Appendix E
Appendix E.1. Sensitivity Analysis Excluding High-NRR Countries

(1) (2) (3) (4)

Model 1 Model 2 Model 3 Model 4

CCEMG

NRR −0.041 ** (−2.10) −0.03 ** (−2.39) −0.03 ** (−2.33) 0.02 * (−1.87)

INV 0.01 * (1.91)

ESPI 0.01 * (1.77)

ET 0.02 * (1.92)

NRR × INV 0.01 * (1.82)

NRR × ESPI 0.01 * (1.92)

NRR × ET 0.01 * (1.73)

R&D 0.001 * (1.75) 0.01 * (1.80) 0.01 (1.44) 0.01 * (1.80)

EXP 1.07 * (1.88) 0.01 * (1.70) 0.11 (1.32) 0.01 (1.71)

POP −0.03 * (−1.92) −0.01 * (−1.70) −0.01 (−1.09) −0.01 * (−1.89)

GQ 0.02 * (1.81) 0.01 * (1.69) 0.01 * (1.65) 0.01 (1.62)

Constant 7.20 *** (3.39) 7.19 *** (4.01) 7.30 *** (4.56) 7.38 *** (2.89)

Observations 431 431 431 431

AMG

NRR −0.05 *** (−3.20) −0.02 ** (−2.39) −0.039 ** (−2.40) 0.029 * (−1.88)

INV 0.02 * (1.89)

ESPI 0.03 * (1.99)

ET 0.02 * (1.92)

NRR × INV 0.01 * (1.92)

NRR × ESPI 0.01 ** (2.32)

NRR × ET 0.01 ** (2.13)

R&D 0.001 * (1.95) 0.01 * (1.80) 0.01 (1.54) 0.01 * (1.70)

EXP 1.08 * (1.88) 0.09 (1.20) 0.11 (1.42) 0.03 (1.61)

POP −0.01 * (−1.72) −0.03 * (−1.70) −0.01 * (−1.77) −0.01 * (−1.68)

GQ 0.01 * (1.81) 0.01 * (1.63) 0.01 * (1.79) 0.01 * (1.32)

Constant 7.19 *** (4.32) 6.00 ** (5.21) 7.28 *** (4.97) 6.89 *** (6.01)

Observations 431 431 431 431
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Appendix E.2. Sensitivity Analysis Excluding Low-NRR Countries

(1) (2) (3) (4)

Model 1 Model 2 Model 3 Model 4

CCEMG

NRR −0.061 ** (−2.31) −0.056 ** (−2.41) −0.060 ** (−2.43) −0.058 ** (−2.03)

INV 0.02 * (1.73)

ESPI 0.04 * (1.89)

ET 0.01 * (1.81)

NRR × INV 0.01 * (1.79)

NRR × ESPI 0.01 * (1.79)

NRR × ET 0.02 * (1.81)

R&D 0.001 * (1.74) 0.02 * (1.87) 0.01 * (1.83) 0.01 * (1.96)

EXP 1.08 * (1.90) 0.05 (1.60) 0.02 (1.60) 0.01 (1.31)

POP −0.01 * (−1.76) −0.02 * (−1.84) −0.01 * (−1.91) −0.01 * (−1.91)

GQ 0.02 * (1.91) 0.02 * (1.87) 0.03 * (1.79) 0.01 * (1.85)

Constant 7.01 ** (2.21) 7.19 ** (2.32) 7.31 ** (2.31) 7.19 ** (2.47)

Observations 430 430 430 430

AMG

NRR −0.07 *** (−2.73) −0.041 *** (−2.61) −0.05 ** (−2.25) −0.04 ** (−2.19)

INV 0.01 * (1.93)

ESPI 0.03 ** (1.99)

ET 0.02 ** (2.41)

NRR × INV 0.02 ** (1.99)

NRR × ESPI 0.01 ** (2.39)

NRR × ET 0.01 * (1.81)

R&D 0.002 * (1.83) 0.02 * (1.77) 0.01 * (1.87) 0.01 * (1.99)

EXP 1.08 * (1.89) 0.07 (1.50) 0.02 (1.30) 0.01 * (1.65)

POP −0.02 * (−1.79) −0.02 * (−1.94) −0.01 * (−1.93) −0.01 * (−1.84)

GQ 0.04 * (1.81) 0.02 * (1.87) 0.05 * (1.79) 0.01 * (1.85)

Constant 7.01 *** (2.62) 6.94 *** (2.61) 7.03 ** (2.43) 7.03 ** (2.54)

Observations 430 430 430 430
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Appendix E.3. Sub-Sample Analyses Based on the Median Value of NRR

Panel A. For Sub-sample with Above Median Value NRR

(1) (2) (3) (4)

Model 1 Model 2 Model 3 Model 4

CCEMG

NRR −0.07 * (−1.87) −0.08 * (−1.79) −0.07 ** (−2.13) −0.09 * (−1.82)

INV 0.01 * (1.81)

ESPI 0.01 * (1.81)

ET 0.02 * (1.81)

NRR × INV 0.03 ** (2.02)

NRR × ESPI 0.05 ** (2.07)

NRR × ET 0.04 * (1.93)

R&D 0.001 (1.61) 0.01 * (1.70) 0.01 (1.44) 0.01 * (1.70)

EXP 1.09 (1.58) 0.09 * (1.80) 0.11 (1.32) 0.01 * (1.71)

POP −0.03 * (−1.72) −0.01 * (−1.68) −0.01 (−1.59) −0.01 * (−1.79)

GQ 0.05 * (1.71) 0.06 * (1.79) 0.03 * (1.75) 0.04 (1.62)

Constant 5.20 *** (5.39) 6.29 *** (4.21) 6.10 *** (4.59) 5.38 *** (3.89)

Observations 253 253 253 253

AMG

NRR −0.07 ** (−2.17) −0.08 * (−1.83) −0.07 * (−1.75) −0.06 ** (−2.13)

INV 0.01 * (1.73)

ESPI 0.01 * (1.75)

ET 0.02 * (1.93)

NRR × INV 0.02 ** (2.12)

NRR × ESPI 0.05 * (1.87)

NRR × ET 0.04 * (1.89)

R&D 0.01 * (1.72) 0.01 * (1.69) 0.01 (1.21) 0.01 * (1.71)

EXP 1.09 (1.58) 0.09 * (1.73) 0.11 (1.22) 0.01 * (1.81)

POP −0.03 * (−1.72) −0.01 (−1.61) −0.01 (−1.66) −0.01 * (−1.79)

GQ 0.02 * (1.81) 0.02 ** (1.99) 0.03 * (1.77) 0.03 (1.43)

Constant 6.10 *** (4.49) 5.19 *** (4.41) 5.20 *** (5.59) 5.38 *** (4.29)

Observations 253 253 253 253
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Panel B. For Sub-sample with Below Median Value NRR

(1) (2) (3) (4)

Model 1 Model 2 Model 3 Model 4

CCEMG

NRR −0.05 ** (−2.12) −0.06 ** (−2.41) −0.06 * (−1.73) −0.05 ** (−2.23)

INV 0.02 ** (2.17)

ESPI 0.03 * (1.81)

ET 0.01 * (1.72)

NRR × INV 0.02 * (1.89)

NRR × ESPI 0.01 * (1.73)

NRR × ET 0.04 * (1.82)

R&D 0.02 * (1.72) 0.01 * (1.77) 0.01 * (1.77) 0.01 * (1.91)

EXP 1.08 * (1.90) 0.02 * (1.70) 0.02 (1.50) 0.01 ** (1.98)

POP −0.01 * (−1.86) −0.02 * (−1.75) −0.01 * (−1.91) −0.01 * (−1.91)

GQ 0.02 * (1.91) 0.02 * (1.87) 0.01 * (1.81) 0.01 * (1.83)

Constant 5.01 *** (6.21) 6.02 ** (2.12) 5.21 *** (7.31) 5.19 *** (6.37)

Observations 252 252 252 252

AMG

NRR −0.06 ** (−2.11) −0.05 ** (−2.26) −0.04 * (−1.83) −0.05 ** (−2.13)

INV 0.02 * (1.87)

ESPI 0.03 * (1.89)

ET 0.01 ** (2.10)

NRR × INV 0.02 * (1.90)

NRR × ESPI 0.01 * (1.74)

NRR × ET 0.04 * (1.82)

R&D 0.02 * (1.73) 0.01 * (1.77) 0.01 (1.62) 0.01 * (1.86)

EXP 1.08 (1.60) 0.02 * (1.90) 0.02 * (1.71) 0.01 * (1.92)

POP −0.01 * (−1.89) −0.02 * (−1.79) −0.01 * (−1.83) −0.01 * (−1.91)

GQ 0.02 * (1.91) 0.02 * (1.87) 0.01 * (1.81) 0.01 * (1.83)

Constant 6.09 *** (5.01) 6.82 *** (7.10) 6.01 ** (2.21) 5.89 ** (2.42)

Observations 252 252 252 252
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Appendix E.4. Weighted Least Square Method

(1) (2) (3) (4)

Model 1 Model 2 Model 3 Model 4

NRR −0.053 *** (−5.31) −0.029 ** (−2.34) −0.041 ** (−2.34) −0.031 ** (−2.47)

INV 0.013 * (1.97)

ESPI 0.024 ** (2.33)

ET 0.02 ** (2.39)

NRR × INV 0.024 * (1.89)

NRR × ESPI 0.031 ** (2.21)

NRR × ET 0.043 * (2.01)

R&D 0.001 * (1.91) 0.004 * (1.64) 0.01 (1.22) 0.01 (0.79)

EXP 1.101 * (1.95) −0.09 (−0.22) 1.01 (1.01) 0.013 * (1.93)

POP −0.019 (−1.00) −0.023 ** (−1.97) −0.011 (−0.03) −0.010 * (−1.96)

GQ 0.001 ** (2.23) 0.012 (0.02) 0.03 (1.20) 0.001 * (1.89)

Constant 6.97 ** (2.50) 6.21 ** (2.33) 7.06 *** (5.61) 6.81 ** (2.31)

Appendix F. Structural Break Test

(1) (2) (3) (4)

Model 1 Model 2 Model 3 Model 4

CCEMG

NRR −0.025 ** (−1.99) −0.019 * (−1.92) −0.018 * (−1.89) −0.029 * (−1.77)

INV 0.03 * (1.82)

ESPI 0.001 * (1.69)

ET 0.02 * (1.69)

NRR × INV 0.01 * (1.67)

NRR × ESPI 0.005 * (1.88)

NRR × ET 0.01 * (1.77)

R&D 0.01 * (1.89) 0.01 (1.55) 0.01 * (1.77) 0.01 * (1.72)

EXP 0.02 * (1.77) 0.10 (1.01) 0.01 * (1.77) 0.01 * (1.81)

POP −0.01 * (−1.88) −0.01 (−1.46) −0.01 (−1.37) −0.01 * (−1.91)

GQ 0.01 * (1.81) 0.01 * (1.71) 0.01 (1.54) 0.01 * (1.69)

Post 2015 2.52 (1.60) 2.33 (1.62) 3.31 * (1.74) 3.07 (1.61)

NRR × Post 2015 −1.08 (−1.61) −0.07 (−1.13) −0.051 * (−1.65) −1.09 (−1.54)

INV × Post 2015 1.09 (1.59)

ESPI × Post 2015 1.006 (1.57)

ET × Post 2015 0.005 (1.61)
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NRR × INV × Post 2015 1.07 (1.58)

NRR × ESPI × Post 2015 0.04 (1.60)

NRR × ET × Post 2015 0.001 (1.58)

R&D × Post 2015 0.001 * (1.83) 0.01 (1.13) 0.02 (1.37) 0.01 (1.37)

EXP × Post 2015 0.01 (1.57) 0.10 (0.61) 0.01 (1.60) 0.01 (1.59)

POP × Post 2015 −0.01 * (−1.79) −0.01 (−1.46) −0.01 (−1.37) −0.01 * (−1.78)

GQ × Post 2015 0.01 * (1.87) 0.01 (1.51) 0.01 (1.61) 0.01 * (1.69)

Observations 505 505 505 505

AMG

NRR −0.03 ** (−2.09) −0.02 * (−1.77) −0.01 * (−1.89) −0.03 * (−1.69)

INV 0.04 * (1.82)

ESPI 0.05 * (1.69)

ET 0.02 ** (1.98)

NRR × INV 0.01 ** (2.21)

NRR × ESPI 0.03 ** (2.03)

NRR × ET 0.03 * (1.77)

R&D 0.01 * (1.86) 0.01 (1.61) 0.01 (1.62) 0.01 * (1.89)

EXP 1.02 (1.38) 0.09 (1.23) 0.01 * (1.88) 0.01 * (1.79)

POP −0.01 * (−1.89) −0.02 (−1.61) −0.01 * (−1.88) −0.01 (−1.01)

GQ 0.01 * (1.81) 0.01 * (1.83) 0.01 * (1.67) 0.01 (1.21)

Post 2015 3.37 (1.51) 3.19 * (1.72) 4.22 (1.61) 4.87 (1.11)

NRR × Post 2015 −1.08 (−1.21) −1.08 (−1.60) −0.04 * (−1.67) −0.03 (−1.54)

INV × Post 2015 1.05 (1.42)

ESPI × Post 2015 1.03 (1.52)

ET × Post 2015 0.01 (1.67)

NRR × INV × Post 2015 1.07 (1.33)

NRR × ESPI × Post 2015 0.01 (1.08)

NRR × ET × Post 2015 1.09 (1.59)

R&D × Post 2015 1.01 * (1.06) 0.01 * (1.77) 0.01 (1.22) 0.01 * (1.89)

EXP × Post 2015 1.02 (1.21) 1.02 (1.11) 0.01 * (1.77) 0.01 (1.62)

POP × Post 2015 −0.01 ** (−1.98) −0.01 (−1.21) −1.01 (−1.23) −1.01 (−1.62)

GQ × Post 2015 0.01 (1.51) 0.01 * (1.73) 1.01 (1.34) 0.01 (1.01)

Observations 505 505 505 505
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Appendix G. Dynamic Heterogeneous Panel Estimation Using
Driscoll-Kraay Standard Errors

(1) (2) (3) (4)

Model 1 Model 2 Model 3 Model 4

Driscoll-Kraay Standard Error Method

NRR −0.18 ** (−1.97) −0.14 * (−1.87) −0.16 * (−1.89) −0.13 * (−1.70)

INV 0.09 ** (1.97)

ESPI 0.06 ** (2.09)

ET 0.11 ** (2.15)

NRR × INV 0.04 * (1.69)

NRR × ESPI 0.05 ** (1.98)

NRR × ET 0.01 * (1.81)

R&D 0.11 * (1.91) 0.01 (1.10) 1.01 (0.71) 0.14 * (1.96)

EXP 0.21 * (1.77) 1.06 (1.13) 1.05 (1.13) 0.08 * (1.76)

POP −0.01 ** (−2.16) −0.01 * (−1.87) −0.21 (−1.03) −0.01 (−1.07)

GQ 0.03 * (1.71) 0.05 * (1.91) 0.01 (1.11) 0.01 (1.32)

Constant 9.21 *** (2.89) 8.42 *** (4.66) 7.43 *** (3.44) 8.81 *** (2.99)

Observations 505 505 505 505

Notes
1 To be accurate, we mainly adopt one of the World Bank sustainability indicators, Adjusted Net Saving (ANS), as a proxy for

green growth in our baseline model. ANS measures the net accumulation of national wealth after accounting for investments
in human capital, natural resource depletion, and environmental damages. Unlike conventional growth indicators such as
GDP, ANS incorporates environmental and resource considerations, reflecting whether economic activity enhances or depletes
a country’s productive base. In this sense, ANS captures the balance between economic growth and environmental costs,
making it well suited to measure green growth. Accordingly, ANS has been frequently used as a proxy for environmentally
sustainable or “green growth” (e.g., Miao et al. 2023). In addition, prior panel studies have shown that ANS performs comparably
to broader sustainability-oriented indicators in capturing environmentally adjusted economic performance, particularly in
cross-country settings where multidimensional sustainability measures are limited or inconsistently available (OECD 2018;
Miao et al. 2023; Liu and Hong 2024). While alternative proxies for green growth, such as CO2 emissions, renewable energy
consumption, or composite indices, are commonly used, they often capture only specific aspects of environmentally oriented
economic performance. In contrast, adjusted net savings (ANS) provides a more comprehensive measure by integrating economic
growth with environmental degradation, resource depletion, and human capital investment. This allows ANS to reflect the
quality of growth rather than its level alone. Although ANS is a composite indicator and may involve measurement assumptions,
its broad coverage and cross-country availability make it well suited for panel analysis. To address potential limitations of ANS,
this study also employs an alternative proxy for green growth as part of our robustness tests.

2 To be accurate, although the magnitude of some coefficients from the robustness tests differ from those obtained from the baseline
model, the signs and statistical significance of the key variables remain consistent across estimation techniques. This consistency
provides additional support for the robustness of the main findings.

3 The OECD had 29 member countries in 1996, our sample starting year, and expanded to 37 by 2020. To maintain consistency, we
restrict our empirical analysis to the initial 29 countries.

4 According to the World Bank’s 2024 income thresholds, a country is classified as a high-income country if its GNI per capita
is larger than $14,004, whereas a country is classified as an upper-middle-income country if its GNI per capita between $4516
and $14,004.

5 Our sample for the specific robustness test will be reduced to 495 country-year observations due to additional missing values for
the alternative measure of green growth (RN).
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6 The reduction in natural resource depletion in calculating ANS may bring concerns on the potential natural link that country with
higher natural resource rents will tend to have lower ANS and thus needs some further clarifications on the two concepts. The
reduction in natural resource depletion is not equivalent to a reduction in natural resource rents because the two concepts capture
different dimensions of resource use. Natural resource rents measure the economic value generated from extraction (i.e., revenues
net of extraction costs), whereas resource depletion reflects the loss of natural capital associated with that extraction. These
measures are determined by different factors, including market prices, extraction efficiency, and valuation methods. As a result,
higher resource rents do not necessarily imply greater depletion, nor does lower depletion imply lower rents. Consequently, there
is no inherent inverse or mechanical relationship between the two variables. To further assess the robustness of our findings, we
employ an alternative proxy for green growth, namely the percentage of renewable energy consumption in total energy use (RN),
as part of our robustness tests. Additionally, as previously stated, natural resource depletion and natural resource rents capture
different dimensions of resource use. Since our objective in the study is to test one of the economic consequences of natural
resources (e.g., its impact on green growth), natural resource rents are a more appropriate proxy for the independent variable. We
thank the anonymous reviewers for raising these important concerns.

7 The reduction of 4.9% and 5.9% are calculated as −(0.28 − 0.15) × 0.05/1.32 and −(0.28 − 0.15) × 0.06/1.32, respectively, where
0.28 and 0.15 represent the third and first quartiles of NRR, 0.05 and 0.06 are the estimated coefficients of NRR from the CCEMG
and AMG models, and 1.32 is the sample mean of GG.

8 The marginal effects of 0.031 and 0.032 are calculated as 0.02 + 0.01 × 1.12 and 0.01 + 0.02 × 1.12, respectively, where 1.12
represents the sample mean of NRR.

9 The marginal effects of 0.031 and 0.044 are calculated as 0.02 + 0.01 × 1.12 and 0.01 + 0.03 × 1.12, respectively, where 1.12
represents the sample mean of NRR.

10 To be more specific, none of the variables have a VIF value over 10 and the average VIF values for all empirical models are less
than 3.

11 Although renewable energy consumption is not a comprehensive measure of green growth, it captures an important environmen-
tal dimension of sustainable development that is closely related to green growth. Accordingly, this robustness analysis should be
interpreted as examining whether the main findings remain consistent when an alternative environmental sustainability indicator
is employed rather than as a replacement for the primary green growth measure.

12 These additional analyses also provide insights into cross-country heterogeneity. The stability of the results after excluding both
high- and low-NRR countries suggests that both the negative effect of natural resource rents on green growth and the moderating
roles of green innovation and environmental regulations are broadly consistent across OECD economies. This indicates that these
mechanisms operate similarly in both resource-rich and resource-poor countries.
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