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ABSTRACT ARTICLE HISTORY

This study investigates how innovation moderates the relationship Received 17 January 2024
between energy use and environmental degradation across 45 Accepted 13 September 2025
Oceanic-Asian countries from 1990 to 2018. Anchored in the energy-
led degradation hypothesis and using carbon dioxide emissions as a
proxy for enyironmental harm, we apply a battery of econometric renewable energy;
techniques, including bootstrap OLS, to unbalanced panel data. nonrenewable; innovation;
Results consistently show that renewable energy significantly bootstrap OLS

reduces emissions, while nonrenewable energy increases them.

Innovation independently lowers emissions and interacts asymmet-

rically with energy types: it weakens the beneficial impact of renew-

ables and mitigates the harmful effects of nonrenewables. These

findings suggest that innovation plays a dual role—dampening both

the positive and negative environmental effects of energy consump-

tion. By attenuating carbon emissions, innovation emerges as a criti-

cal determinant of environmental quality and a strategic lever for

advancing green development. The study fills a key gap in the litera-

ture and offers new insight into the energy-environment-innovation

nexus.

KEYWORDS
Carbon emissions;

1. Introduction

Energy is indispensable to any economy. It is required in sufficient quantity and qual-
ity to meet primary human needs, support transportation, agricultural and industrial
activities for economic growth (Raman, Zainon, and Shiong 2018). There is virtually
no section of an economy that does not directly or indirectly depend on energy for
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its operations. The intent for energy security as outlined by the International Energy
Agency (IEA) is the ‘provision of uninterrupted energy sources at an affordable price’
(World Economic Forum 2016). Although the concept of energy security is multidi-
mensional and there are many perspectives to it (Campos et al. 2017), (Pyatkova and
Rabchuk 2017) recognized the availability of sufficient quality energy supply, rational
expense and saving of energy by utilizers in the economy, and a reasonably high level
of energy sustainability as the three major factors that adorn energy security. Energy
architecture performance index (EAPI) is a composite index used to monitor some
indicators which measure energy performance systems for 127 countries. These indi-
cators are defined by the three sides of the energy triangle. An important side of the
triangle is the energy access and security. Energy access and security is sub-indexed
into self-sufficiency, diversity of supply, together with the level and quality of access
(World Economic Forum 2017).

Globally, Asia has been noted to be the most dependent region on oil and natural
gas (Muyu et al. 2020). Most Asian countries are still developing, which implies that
they will be needing more energy in the coming years (Vivoda 2015). In 2016, statis-
tics reveal that the energy demand in Asia grew by 86% over a decade. A 2019
Forbes report stated that China recorded a 30% increase in oil demand and 75% of
its oil usage is imported. The report also opined that the radical increase in imports
of oil and natural gas, is based on her decision to stockpile them, to secure energy
stability in the case there is a future shortage (Clemente 2019). To be self-sufficient in
energy, as a drive for growth, has been the focus of many economies around the
globe. However, the Energy Architecture Performance Index (EAPI) indicates that
energy security is not guaranteed just by considering self-sufficiency only, other indi-
ces must be considered. This is because some of the top performers on the index are
still importing their energy (World Economic Forum 2016). The Figure below shows
that while electricity consumption is decreasing, electricity security is increasing. This
means that there may be more electricity than the amount needed at some point in
the future.

Earlier than the twentieth century, oil and coal have been the largest source of
world energy. There was a paradigm shift in the 90s when natural gas, being a
cleaner fossil fuel, was adopted as a better source because it has a lesser environ-
mental emission rate compared to that of oil and coal (Campos et al. 2017).
However, concerns on the use of natural gas have emerged, some of which are the
competition over pipelines, its security, and the issues regarding cooperation among
the countries (Song 1999). Of the dimensions that exist to energy security are the
concerns about the threat posed to the stability of supply, especially for oil, coal,
and natural gas which are acquired by importation. (Mitchell 2014) stated that Asia
is more at the risk of disrupted oil supply from a major supplier (Middle East) than
Europe and the United States due to issues about transportation through the Strait
of Hormuz.

Besides, the emissions caused by these (fossil fuel) energy sources, they are classi-
fied as non-renewable which are exhaustive (National Geographic Society). Carbon
dioxide emissions from fossil fuels grew by 76% with its portion of the global carbon
dioxide emissions at 39% (Vivoda 2015). In 2019, 80% of the increase in global
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emissions excluding advanced economies is caused in Asia (International Energy
Agency 2020). The effects of dependence and excessive consumption of fossil fuels
has brought the need for safer, cleaner, economical and more sustainable energy sour-
ces (Campos et al. 2017). Accounting for 40%, the power sector is the highest con-
tributor to carbon dioxide emissions in the energy sector (International Renewable
Energy Agency (IRENA)), 2017). In 2018, renewable energy accounted for 17% of
Asia’s overall primary energy supply (Renewable Energy Policy Network (REPN) for
the 21st Century 2019).

Asia has a very large territory and makes up for a larger proportion of the world
population and its growth represents very well above 50% of the global population. It
also accounts for over 39% of the global energy supply. Furthermore, the region is
currently on an economic transformation, which is escorted by an energy transition.
This transition is basically instrumental in achieving global sustainable development
and de-carbonization goals (Renewable Energy Policy Network (REPN) for the 21st
Century 2019). It was estimated that, with the accelerated development and usage of
renewables and efficient energy measures, in 2050, the Paris agreement goals on
reducing emission would be 90% met (IRENA 2017). The volatile growth in power
generation from renewable energy is sponsored by improvements in solar PV and
wind energy technologies. In 2017, Renewable energy attracted an estimate of USD
288.9 billion in investment globally, while Asia holds about 52% of new investment
in 2018. On the other hand, China, which holds 32% of the world total of renewable
investment, experienced a drop in 2018. They also experienced a drop in solar PV
investment between 2017 and 2018. These drops have implications on the economy.

Evidently in the Figure 2. below, research and development (R&D) have not been
consistent over the years. A sudden increase between 2001 and 2005 could have attri-
buted to the eventual rise in the use of renewables. OECD (2007) shows that increase
in research and development will advance the economies (as evident in the Gross
Domestic Product (GDP) of the BRIC (Brazil, Russia, India, and China) countries.
This deduction may not be exclusive to them. Research and development (R&D) in
the energy sector must occur more rapidly to increase the viability of renewable solu-
tions. There are yet more de-carbonization technologies to be pictured, which are
meant to be realized because of the implications of climate change. Beyond improving
these technologies through research and development, innovation, and innovation
policies are needed to integrate technologies (IRENA 2017).

Energy efficiency has become a regular exercise, as a way of maximizing commit-
ments towards increasing renewables. Innovations, Research and Development are
essential in the energy sector to increase energy efficiency, affordability of renewables,
and minimize emissions. Technological innovation has for example enhanced energy
efficiency by the introduction of net metering, which allows consumers to return
power to the grid, thereby avoiding wastages (REPN 2019; Renewable Energy Policy
Network (REPN) for the 21st Century 2019). 45% of the overall emission reduction
needed can be achieved by energy efficiency technologies. As represented in Figure 3.
carbon dioxide emissions show an overall upward trend throughout the period.
However, a sharp increase in emissions is observed between 2002 and 2012, coincid-
ing with a significant decline in energy efficiency. Conversely, the rate of emissions
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growth slows during periods of rising energy efficiency, highlighting the inverse rela-
tionship between the two variables.

Carbon dioxide has been numerously used in literature as a proxy for greenhouse
gases, which is the cause of global warming. One-third of the world’s carbon dioxide
emissions are absorbed by the oceans (World Economic Forum 2019). This is in turn
dangerous for aquatic life. As stated by (Li et al. 2016) while considering agricultural
induced pollution, two ways to control carbon dioxide (CO,) and other greenhouse
gas (GHG) emissions due energy use are: to raise energy efficiency and to use more
of renewable energy. These two will not only reduce emissions but also be secure and
make sufficient, energy usage. To control global warming, its disastrous consequences,
this work intends to test the effect of the bid to secure sufficient energy consumption,
implication of the traditional energy sources (non-renewables), the process of
research, development and innovation, efficient energy usage, as well as the integra-
tion of renewable energy sources and systems on carbon dioxide emissions in Asia
Oceanic. As stated earlier, and as shown in Figure 1 above, there may be excess
energy as electricity consumption is dropping. Also, given the proportion of non-
renewable (fossil fuels) used in Asia, to renewables, stockpiling fossil fuels will further
degrade the environment. Whereas, if stockpiling may not be stopped completely,
they can be reduced if the secured energy is surplus and consumption is dropping.
Furthermore, evolving technology has made room for an energy-efficient system. So,
this study also tests the influence of innovations on carbon dioxide emissions.

The pattern of carbon emissions (vertical axis) vis-a-vis renewable and nonrenew-
able energy (horizontal axis) is shown in Figure 4 for the full sample, high and low-
income countries, respectively. Using average emissions per capita against renewable
energy (A), the scatter plot reveals a negative relation between the two variables
across the three groups, howbeit with some interesting revelations. While the fitted
lines are flatter in the full and high-income samples, the line is steeper in low-income
countries. Also, as expected, a positive relation is visualized in the nonrenewable
energy plots (B) with the full and high-income samples indicating flatter fitted lines
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Figure 1. Electricity consumption and electricity security in Oceanic Asia.
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Figure 3. Carbon dioxide emission and energy efficiency in Oceanic Asia.

relation to the low-income groups. Cursory observation shows that in plots A and B;
high-income countries are clustered at the highest spectrum of the curve indicating
high emitters of carbon dioxide while low-income countries are huddled on lower
scale of the curves depicting low emissions. Having visually established a negative
emissions-renewable energy relation and a positive emissions-renewable energy rela-
tion, it becomes imperative to subject the data for scientific analysis to establish the
magnitude and significance of these relationships.

While a number of studies evidence the direct and indirect impact of renewable
(nonrenewable) energy on environmental degradation, the role of research and devel-
opment (that is, innovation) in the energy-emissions nexus remains relatively less
explored. A notable contribution to the energy literature will be to provide constructive
evidence on whether innovation strengthens (reduces) the impact of renewable (nonre-
newable) energy on carbon emissions. To the best of the authors’ knowledge, the role
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Scatterplot of CO2, Renewable and Nonrenewable Energy, Oceanic-Asia (1990-2018)
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Figure 4. Scatterplot of carbon emissions, renewable and non-renewable energy in Oceanic-Asian
countries, 1990-2018 source: Authors’ computations from World Bank (2020) World development
indicators.

of innovation in enhancing environmental sustainability in Oceanic-Asian countries
remain absent. Hence, this study attempts to fill the following lacuna:

1. Examine the independent impact of renewable (nonrenewable) energy and innov-
ation on carbon emissions.

2. Determine if the interaction effect of innovation on renewable (nonrenewable)
energy reduces carbon emissions.

3. Investigate whether (1) and (2) differ by economic development status of an
economy.

For the most part, our results indicate that innovation and renewable energy sig-
nificantly reduce carbon emissions while nonrenewable energy significantly exacer-
bates environmental degradation. Also, the interaction effect reveals that innovation
is essential in curbing carbon emissions given the negative interaction coefficient with
nonrenewable energy. However, these outcomes differ significantly by development
status. The rest of the paper is structured as follows: Section 2 reviews the extant lit-
erature; Section 3 outlines the data and empirical approach; Section 4 interprets the
results and Section 5 concludes with policy recommendations.
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2. Literature review

Achieving energy security—defined as the consistent availability of energy at afford-
able prices (World Economic Forum 2016)—remains a critical objective at the global
level. While energy diversification is recognized as a key strategy (Donev et al. 2016),
there is a growing consensus that relying on a single energy source or policy instru-
ment is insufficient. Instead, a comprehensive portfolio approach—incorporating
technological innovation, targeted investment in research and development, and the
strategic deployment of both renewable and non-renewable energy sources—is neces-
sary. Historically, fossil fuels have dominated the energy sector (Pennsylvania
Historical & Museum Commission 2015), but their environmental impacts have
prompted a shift toward renewable energy, though progress has been uneven across
different regions.

2.1. Energy security and energy consumption

Energy security is a complex and context-dependent concept (Chester 2010). Although
concerns such as resource depletion, geopolitical instability, and environmental degrad-
ation are globally relevant, the relative importance of each varies across countries.
Research has examined the implications of geopolitical risks (Bradshaw 2009; Tempest
2003), indicating that dependencies on imported fossil fuels can increase vulnerabilities.
Conversely, the adoption of renewable energy sources is increasingly viewed as a stra-
tegic measure to enhance resilience (Aslantirk & Kiprizli 2020).

However, evidence remains mixed regarding the capacity of renewables to compre-
hensively address energy security issues. Citak and Pala (2019) highlight that, despite
environmental benefits, renewable energy deployment can introduce new techno-
logical and infrastructural challenges. Similarly, Parag (2014) emphasizes the impor-
tance of broadening the concept of energy security beyond supply metrics to include
end-user behavior and system resilience. For rapidly developing economies such as
China and India, growing energy demand continues to pose significant supply-side
challenges (Shah 2011).

Empirical studies further elucidate the relationship between energy consumption
patterns and environmental outcomes. Dogan and Seker (2016), using panel data
methods, demonstrate that renewable energy consumption contributes to reductions
in carbon emissions, whereas reliance on non-renewable sources tends to increase
environmental degradation. These findings are supported by Bhattacharya et al.
(2016) and Zoundi (2017), who find environmental benefits associated with renewable
energy, though these benefits are often moderated by overall energy intensity. The
potential for scaling these benefits is influenced by technological, economic, and insti-
tutional differences across countries.

2.2. Innovations and carbon emissions

Technological innovation is widely recognized as a key driver for improving energy
efficiency and reducing greenhouse gas emissions. Studies such as Amri (2014)
and Irandoust (2016) demonstrate that innovation—measured via patents or R&D
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investments—can facilitate a decoupling of energy consumption from emissions.
However, the impacts of innovation are heterogeneous; for example, Jin et al. (2017)
lend support to the Environmental Kuznets Curve (EKC) hypothesis for China,
while Alvarez-Herranz, Balsalobre-Lorente, and Shahbaz (2017) observe that energy
innovation may initially increase pollution levels before leading to environmental
improvements.

Some research offers a more nuanced perspective. Jin, Duan, and Tang (2018) find
that innovation may temporarily lead to increased energy consumption, even as it
enhances efficiency in the long term. This highlights the importance of distinguishing
between short-term and long-term effects. Fan and Hossain (2018) show that the
influence of innovation on energy and environmental outcomes can differ signifi-
cantly based on national context, exemplified by contrasting results in India and
China.

The relationship between innovation and investment is also significant. Research
by Lee, Cho, and Shin (2019) indicates that R&D related to energy constitutes a
meaningful share of total innovation efforts in South Korea and positively influences
economic performance. Similar findings are reported by Mensah et al. (2018) and
Shahbaz, Balsalobre-Lorente, and Sinha (2019), who emphasize the role of innovation
and foreign direct investment in driving environmental improvements in OECD and
MENA countries. Conversely, Ssali et al. (2019) reveal bidirectional causality between
energy consumption and emissions in Sub-Saharan Africa, underscoring ongoing reli-
ance on non-renewable sources.

Overall, it is evident that innovation can contribute to emission reductions; how-
ever, its effectiveness depends on factors such as the energy mix, institutional cap-
acity, and the stage of economic development. Notably, Musibau et al. (2020) find
that strategic green investments and innovation significantly mitigate environmental
degradation in developing regions like Sub-Saharan Africa.

Despite significant insights, notable gaps in literature remain. Many studies treat
innovation and energy consumption independently or do not sufficiently explore their
interaction effects across different types of energy sources. Additionally, few analyses
differentiate findings based on levels of economic development, limiting the applic-
ability of policy recommendations.

This study seeks to address existing research gaps by providing new evidence
regarding the influence of innovation on the relationship between energy sources and
carbon emissions. Specifically, it aims to:

e Analyze the independent effects of renewable and non-renewable energy, as well
as innovation, on carbon emissions.

e Evaluate whether innovation serves to amplify or mitigate the environmental
impacts associated with different energy types.

e Investigate how these relationships vary across countries at different levels of eco-
nomic development.

Focusing on Oceanic-Asian economies—an underrepresented yet increasingly
important region in global energy dynamics—this research contributes to the
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development of more accurate energy-environment models and the formulation of
policy frameworks tailored to diverse regional contexts.

3. Data and methodological approach
3.1. Data

To empirically probe the discourse, the study engages an unbalanced panel data on
six variables from 1990 to 2018 sourced from World Bank (2020). The dependent
variable is carbon emissions per capita (CO2PC) which is widely used in the literature
as a proxy for environmental degradation (Gold and Tregenna 2025; Lau et al. 2023;
Murshed, Alam, and Ansarin 2020; Nepal, Musibau, et al. 2021a; Okoye & et al.
2022; Rojas-Vallejos and Lastuka 2020; Shittu et al. 2021; Ul-Haq et al. 2024). The
explanatory variables are renewable energy consumption (REN) which is the percent-
age of total final energy consumption, fossil fuel energy consumption which is the
percentage of total energy is the proxy for nonrenewable energy (NRE) and research
and development expenditure as a percentage of GDP is the proxy for innovation
(INNV). It is expected that increase in the use of renewable energy will foster a
cleaner and more sustainable environment (Nathaniel, Adeleye, and Adedoyin 2021)
while the opposite holds true for nonrenewable energy (Adeleye, Adedoyin, et al.
2021b; Destek and Sinha 2020; Hdom and Fuinhas 2020; Nathaniel and Adeleye
2021; Rahman and Velayutham 2020; Zafar et al. 2019). Similarly, more innovative
alternative energy source is expected to stem the tide of rising carbon emissions
(Nepal, Musibau, et al. 2021a; 2021b). The control variables are GDP per capita (PC)
to capture the economy and electricity production from oil, gas and coal sources (%
of total) as a proxy for energy security (ENSEC). The former is expected to increase
emissions as a result of economic activities (Adeleye, Adedoyin, et al. 2021b;
Chontanawat 2020; Khan, Khan, and Rehan 2020; Nathaniel and Adeleye 2021;
Rahman, Nepal, and Alam 2021), the latter is expected to reduce carbon emissions
(Nepal, Musibau, et al. 2021a; 2021b).

3.2. Model specification

Using semi-elasticity specifications, this section presents the four models tailored to
actualising the study objectives. To address the first objective on analysing the indi-
vidual effect of energy and innovation, carbon emissions is expressed as a linear func-
tion of each energy indicator, innovation and a set of control variables. That is:

lnCO2PCit =09 + oRENj + 02INNV; + OC31I1PC;‘[ + O(4ENSEC,‘¢ + (St + ej [1]

lnCOZPCit = 9() + 91NRE1‘[ + SZINNVjt + 9311’1PC1'¢ + 84ENSEC1t + 5[ + Vit [2]

Where, the variables are as defined in section 3.1; In = natural logarithm; o, 9 =
model intercept; 6, = year dummies; 04, 9,4 = partial slope parameters; and e,v =
error terms. Similarly, to address the second objective on whether the interaction
effect of innovation and energy curbs rising carbon emissions, this paper adopts the
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methodical approach of Adeleye, Adedoyin, et al. (2021a). The energy-innovation
relation is indicated by the interaction of INNV with each of REN and NRE, and the
explicit models are specified as:

lnCOZPCit =% + '))IRENI'[ + '})ZINNV” + V3 (REN*INNV)” + le/it + 5t + Zit [3]

INCO2PCy = @y + @,NRE;; + @,INNV; + @5(NREXINNV),, + YWy + 6, + p;,
(4]

Where, X', W' = vector of control variables (PC, ENSEC) and others are analogous
to previous definitions. Equations [1] to [4] are modified to accommodate income
group analyses to achieve the third study objective.

Note, the signs of the coefficients of the interaction terms, y; and ¢; evaluate if
the interaction of REN and NRE with INNV curbs or exacerbates CO2PC. Also, given
that y, is expected to be negative, if y; < 0 then INNV enhances the ‘good’ effect of
REN on CO2PC. However, if y; > 0 it indicates that INNV alters the ‘good” effect of
REN. However, if the positive sign of y; is less than the negative sign of 7y,, it suggests
that the disrupting impact of INNV is not sufficient to deter the ‘good’ effect of REN
on CO2PC. On the contrary, if the positive sign of y; exceeds the negative sign of y,,
then INNV eliminates the ‘good’ impact of REN on CO2PC.

Correspondingly, since ¢; is expected to be positive if ¢; > 0 then INNV aggravates
the ‘bad’ effect of NRE on CO2PC. But, if ¢, < 0 it shows that INNV reduces the ‘bad’
effect of ENU. However, if the negative sign of ¢; is less than the positive sign of ¢,,
then the improving impact of INNV is not sufficient to eradicate the ‘bad’ effect of NRE.
On the contrary, if the negative sign of ¢; exceeds the positive sign of ¢;, then INNV
removes the ‘bad’ impact of NRE on CO2PC. Finally, if y;,¢; = 0 it is an indication
that the interaction of both variables with INNV has no significant impact on CO2PC.

3.3. Empirical approach estimation techniques

Given the long time series dimension of the data (that is, 29years), it becomes
imperative to subject the data to some pre-estimation checks such as (1) cross-
sectional dependence, (2) stationarity and (3) cointegration tests before engaging the
econometric analyses. This is because failing to account for these phenomena may
result in spurious regressions. To control for cross-sectional dependence (CSD), we
deployed the Pesaran (2004, 2015) weak cross-sectional dependence test. For statio-
narity test, we used the Im, Pesaran, and Shin (2003) and Levin, Lin, and Chu (2002)
tests for heterogeneous panels which cointegration is tested using the Pedroni (1999)
panel cointegration tests. Suitable estimation techniques that control for CSD, auto-
correlation, endogeneity, heteroscedasticity are subsequently deployed. For techniques
that serves as robustness checks for one another are used. First, we deploy the boot-
strapping ordinary least squares (BOLS) is a nonparametric approach that allows for
resampling of the data in memory with replacement (Mooney et al. 1993). Then the
Prais-Winsten regression model with panel-corrected standard errors (PCSE) is used
followed by the Driscoll and Kraay (1998) panel spatial correlation consistent (PSCC)
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standard errors fixed effects (FE-within) regression technique (Cameron 2005;
Hoechle 2007) and lastly the feasible generalized least squares (FGLS) techniques.

4, Results
4.1. Summary statistics and correlation

Table 1 revealed the outcome of the summary statistics (using the raw variables to
retain their historical properties) and pairwise correlation analysis (using logarithmic
transformation) for the high-income, low-income, and the entire Oceanic-Asian sample
countries. For the entire sample of Oceanic-Asia, it is apparent that per capita income
has the highest mean value of ($10052.3) followed by energy security (6853.518) and
nonrenewable energy with (67.425), while carbon emission has the lowest mean value
of (3.762). On the other hand, energy security has the highest standard deviation of
38696.36 followed by per capita income and innovation with 14539.52 and 1432.376
respectively with carbon emission having the lowest standard deviation of 4.793.
Furthermore, the statistics for the high-income oceanic-Asian countries showed
that similar to the above, per capita income ($17586.58), energy security(13441.1),
innovation (1121.673) has the highest average value respectively while the variables
with the highest average for the low-income countries include per capita
income($1429.42), innovation(118.83) and nonrenewable energy(51.101). In the same
vein, the highest standard deviation can be seen in energy security (53498.7), per cap-
ita income(16548.8) and innovation(1837.4) for the entire sample, while we have
Energy security(53498.7), per capita income(16548.8) and innovation(1837.4) for the
high-income group. In addition, the most volatile variables due to high standard devi-
ation for low-income oceanic-Asian countries include per capita income (856.11),
innovation (95.436), energy security (33.214) and renewable energy (28.91). We can

Table 1. Summary statistics and pairwise correlation.

Full sample CO2PC PC ENSEC INNV REN NRE
Obs 1120 1128 801 963 989 540
Mean 3.762 10052.3 6853.518 653.053 32.022 67.425
Std. Dev. 4.793 14539.52 38696.36 1432.376 29.129 26.637
High Income

Obs 594 602 407 513 488 266
Mean 6.276 17586.58 134411 1121.673 14.638 84.241
Std. Dev. 5.298 16548.08 53498.74 1837.415 16.296 13.339
Low Income

Obs 526 526 394 450 501 274
Mean 0.922 1429.418 48579 118.825 48.954 51.101
Std. Dev. 1.424 856.113 33.214 95.436 28.91 26.176
Pairwise Correlation Analysis

InCO2PC 1.000

InPC 0.883%** 1.000

ENSEC 0.056 0.127%%%* 1.000

INNV 0.488%** 0.690*** —0.035 1.000

REN —0.736%*** —0.698*** —0.083** —0.342%** 1.000

NRE 0.892%** 0.735%** 0.048 0.427%%* —0.952%** 1.000

Notes: ***p < 0.01. **p < 0.05. In=Natural logarithm; CO2PC = Carbon emissions per capita; PC=GDP per capita;
ENSEC = Energy security; INNV =R&D Innovation; REN = Renewable energy; NRE = Nonrenewable energy.
Source: Authors’ Computations.
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deduce from the above analysis that, per capita income, energy security, green energy
and nonrenewable energy greatly differ among countries while they all have a reason-
ably small carbon emission on average.

The pairwise correlation analysis shows the relationship between carbon emission
and our variables of concern. All variables behave according to theoretical explan-
ation except innovation and energy security. The positive relationship between innov-
ation and carbon emission might be a pointer to the rebound effect of the
consumption of innovation-induced energy-efficient products. Similarly, energy secur-
ity is also found to have a positive correlation with carbon emission.

4.2. Cross sectional dependence

Table 2 presents the cross-sectional dependence estimates. The Pesaran CD test
revealed that the null hypothesis of no cross-sectional dependence is rejected at 1%
level of significance for all the variables. In other words, a shock to any of CO,, per
capita income, innovation, energy security, renewable and nonrenewable energy can
be transmitted across other Oceanic-Asian countries.

4.3. Unit Root and cointegration tests

After confirming cross sectional dependence, we proceed to the unit root test which
was presented in Table 2. The result from the Hadri unit root test indicates that all
variables are stationary at level.

Table 2. CSD, panel unit Root and panel cointegration tests results.

Hadri
Variables CD-Test Level 1°* Diff
InCO2PC 43.640**** 52.0878*** N/A
InPC 84.268%** 90.7087*** N/A
ENSEC 7.233%%* 10.7122%%* N/A
INNV 45.640*** 70.4586%** N/A
REN 17.276*** 50.7866*** N/A
NRE 12.946%** 27.6215%** N/A

Pedroni Residual Cointegration Test
Alternative hypothesis: common AR coefs. (within-dimension)

Statistic Weighted Statistic
Panel v-Statistic —320.7562 —0.128626
Panel rho-Statistic 0.542878 0.868396
Panel PP-Statistic —4,0571%%* —3.689%**
Panel ADF-Statistic —3.984%** —3.366***
Alternative hypothesis: individual AR coefs. (between-dimension)
Statistic
Group rho-Statistic 2.385578
Group PP-Statistic —4.773%F*
Group ADF-Statistic —3.116%**

Notes: ***p < 0.01, **p < 0.05; In=Natural logarithm; CO2PC = Carbon emissions per capita; PC=GDP per capita;
ENSEC = Energy security; INNV=R&D Innovation; REN = Renewable energy; NRE = Nonrenewable energy; N/A = Not
Applicable; Hadri (2000).

Source: Authors’ Computations.
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Sequel to our confirmation that some variables are stationary at level while others
are stationary after first differencing, we proceed to test for cointegration using
Pedroni (1999, 2004) cointegration technique. This cointegration test is robust to
cross sectional interdependence with different individual effects (Apergis and Payne
2009). The result from the Pedroni residual cointegration test rejects the null of no
cointegration at 1% level for all the statistics except for (Panel-v stat, Panel-rho stat &
Group-rho stat). Hence, we can safely reject the null of no cointegration and con-
clude that there is a long run relationship among the variables.

4.4. Results

This section presents the empirical findings that connect the dots between energy and
environmental degradation without neglecting the moderating role of innovation in
Oceanic-Asian countries. Our estimation is divided into three parts comprising the full
panel of Oceanic-Asian countries, high-income and low-income Oceanic-Asian coun-
tries. Table 3 shows the full sample estimates for the entire Oceanic-Asian countries
while Tables 4 and 5 presents our findings for the high-income and low-income
Oceanic-Asian countries respectively. For the purpose of this study, we employed the
bootstrap least square (BOLS) and panel spatial correlation consistent estimators
(PSCC) as our main estimation techniques while feasible generalized least squares
(FGLS) will be used as a robust estimate to validate our findings. For the main estimates
BOLS: (Table 3: column [1][2][3][4] for the entire Oceanic-Asian countries; Table 4:
column [1]{2][3][4] for the high-income Oceanic-Asian countries; Table 5: column
[1][2][3][4] for the low-income Oceanic-Asian countries) while for PSCC: (Table 3: col-
umn [5][6][7][8] for the entire Oceanic-Asian countries; Table 4: column [5][6][7][8]
for the high-income Oceanic-Asian countries; Table 5: column [5][6][7][8] for the low-
income Oceanic-Asian countries).

4.4.1. Full sample - entire Oceanic-Asian countries
We start by analysing impact of innovation on environmental sustainability with core
model without control variables. Although, as reported in Appendix A, renewable
energy and interacting term (non-renewable energy and innovation) are statistically
negative and significant, suggesting that renewable energy and innovation have a
positive impact on carbon reduction. This is consistent with intuitive. However, the
coefficient of innovation and interacting term (Renewable energy and innovation) is
positive and statistically significant, suggestion innovation and renewable energy-
*innovation are increasing carbon emissions. This is contrary to our expectation, and
this is likely to affect by missing variables (i.e. control variables) (Wooldridge 2010).
Given this fact, we add control variables, the result from Table 3 revealed that
green energy significantly mitigates environmental degradation across all models.
Other things being equal, a 1% increase in green energy reduces carbon emission by
1% on average. This finding is in congruence with the previous empirical discoveries
(see Jiao 2020; Nathaniel, Adeleye, and Adedoyin 2021). The intuition here is that the
increase in the usage of green energy reduces the need for nonrenewable energy con-
sumption with its attending carbon emission. In the same vein, per capita income
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significantly increases carbon emission across all models at 1% significance level. This
is expected as increases in productive activities intensify carbon emissions. In other
words, ceteris paribus, a percentage rise in economic growth increases carbon emis-
sion level by 68.0%—89.2% on average. This is in line with previous findings (see
Akam et al. 2022; Chontanawat 2020; Khan, Khan, and Rehan 2020).

Furthermore, innovation significantly reduces carbon emission at 1% level based
on our conclusion that the negative coefficient supersedes the positive coefficients
across the models. This finding agrees with the previous empirical findings (Mensah
et al. 2018; Musibau et al. 2020). This implies that the advent of innovation which
promotes the usage of energy-efficient products will help in curbing environmental
degradation. Energy security increases carbon emission although not significant at the
conventional level of significance. The negative effect conforms to the previous find-
ings (Nepal, Musibau, et al. 2021a).

In other words, sufficient provision of non-fossil fuel and energy efficient products
that reduces the need for the importation of fossil fuel might help mitigate the spate
of carbon emission. Moreover, our findings revealed that nonrenewable energy sig-
nificantly increases carbon emission across all the models at 1% level. That is, a 1%
increase in nonrenewable energy consumption worsens carbon emission level by
1.96%—2.53% on average, ceteris paribus. This finding tallied with earlier discoveries
(see Adeleye, Adedoyin, et al. 2021b; Destek and Sinha 2020; Zafar et al. 2019).

The interaction of innovation with green energy is positive and statistically signifi-
cant at 1% level. This implies that innovation enhances green energy to worsened
environmental degradation. This finding is consistent with Mughal et al. (2022), who
found that in a country like Bangladesh, technological advancements is associated
with increasing CO, emissions. This suggests that when technological innovation is
applied within frameworks that rely heavily on non-renewable energy sources, it may
lead to higher emissions rather than reductions. Similarly, the overall effect of the
interaction of innovation with non-renewable is negative and significant at 1% level.
This implies that the introduction of innovation can reduce the harmful effect of
non-renewable energy. This also adds a new finding to the literature.

4.4.2. High-income Oceanic-Asian countries
At first, we applied the unilateral regression model as reported in Appendix B, and
we found that coefficients of renewable energy, non-renewable energy and the inter-
acting term (non-renewable energy and innovation) are consistent with intuitive.
However, the coefficient on innovation and interaction term (renewable energy and
innovation) are contrary with our expectations as the turnout to be influenced by
increasing carbon emissions. This is contrary to the findings of Khan, Weili, and
Khan (2022) and Han et al. (2025), who found that innovation and interaction term
(renewable energy and innovation) have a positive impact on environmental quality.
This is most likely caused by the omission variables. Gujarati (2002) argues that omis-
sion of variables in a regression model may likely result into biased results.

Hence, we add co-variate into our model, the finding from Table 4 revealed that
green energy significantly reduces carbon emission at 1% level. Other things being
equal, a 1% increase in green energy reduces carbon emission by 3.27%— 4.29% on
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average. In the same vein, per capita income significantly increases carbon emission
at 1% level. That is, every other thing remains constant, a percentage rise in eco-
nomic growth increases carbon emission by 4.64% —30.7% on average. Contrariwise,
innovation significantly increases carbon emission at 1% significant level. This result
contradicts previous discoveries (Mensah et al. 2018; Musibau et al. 2020) but agrees
with the findings of (Duarte, Mainar, and Sdnchez-Chéliz 2013; Zeng et al. 2019).
Thus, it validates the ‘rebounds effect’” which postulates that the reaction triggered by
the technological innovation that has engendered energy efficiency which resulted
into an efficiency-induced increased income or decrease in price of energy related
products will be met by an increase in demand. This phenomenon will eventually
erode energy savings in the long term and carbon emission will soon rise.

A similar contradiction was observed for energy security as it was found to have
significantly increased carbon emission. A possible reason for this is that, since fossil
fuel accounted for a large portion of primary energy supply, the need to ensure suffi-
ciency of these products through their importation will worsen environmental deg-
radation. Nonrenewable energy significantly increases carbon emission at 1% level. In
other words, a 1% increase in nonrenewable energy increases carbon emission by
1.43%—4.22% on average, other things being equal. The effect of the interaction of
innovation with green energy is positive and significant at 1% level. Like our previous
result, it implies that innovation enhances green energy to mitigate environmental
degradation. In addition, the interaction of innovation with nonrenewable energy is
negative and statistically significant. Its overall effect implies that the moderating role
of innovation is pivotal to reducing the impact of nonrenewable energy on carbon
emission.

4.4.3. Low-income Oceanic-Asian countries

We first applied an unliteral regression model and reported in Appendix C, our
results show renewable energy is reducing carbon emissions, while non-renewable
energy is increasing carbon emissions. This is consistent with intuitive. However,
the coefficient of interaction term of renewable energy and innovation; and non-
renewable energy and innovation is contrary with our expectation as it shows insig-
nificant findings. This is likely caused by omitted variables. Gujarati (2002) argues
that omission of variables in a regression model may likely result into biased
results.

As results of the above, we add control variables and our findings from Table 5
revealed that as expected, per capita income significantly increases carbon emission
across models at 1% level. Other things being equal, a 1% rise in economic growth
increases carbon emission by 92.7%—99.2%, on average. This finding is like earlier
empirical findings (Khan, Khan, and Rehan 2020; Nathaniel and Adeleye 2021;
Rahman, Nepal, and Alam 2021). Furthermore, green energy significantly reduces
carbon emission at 1%—5% significance levels while nonrenewable energy significantly
intensified environmental degradation at the same level of significance. Similar to the
result from our full sample, energy security reduces carbon emission albeit not statis-
tically significant at the conventional levels. The negative effect supports previous
findings (see Nepal, Musibau, et al. 2021a; 2021b). The significant positive effect of
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innovation on carbon emission is confirming the rebound effect (Duarte, Mainar, and
Sanchez-Chdliz 2013; Zeng et al. 2019) in the low-income Oceanic-Asian countries
which is similar to our finding for high-income Oceanic-Asian countries.

The interaction of innovation with green energy and nonrenewable energy is posi-
tive and negative respectively. However, both moderating effects are not statistically
significant at all conventional level of significance level. The possible reason for the
insignificance of innovation in the low-income country can be adduced to low tech-
nical and managerial skills needed to operate, maintain and sustain the technological
innovation to reduce environmental degradation. Another plausible reason could be
shortage of infrastructural facilities which could engender innovation to mitigate car-
bon emission.

4.5. Robust analysis

In this section, we discuss robustness results using feasible generalised least squares
(FGLS): (Table 3: column [9],[10],[11] & [12]) for the entire Oceanic-Asian countries;
(Table 4: column [9],[10],[11] & [12]) the high-income Oceanic-Asian countries;
(Table 5: column [9],[10],[11] & [12]) the low-income Oceanic-Asian countries.

The estimation from our robust analysis revealed that per capita income and non-
renewable energy significantly amplify carbon emission in high-income, low -income
as well as the entire sample of the Oceanic-Asian countries. This supports the output
from our main models. Furthermore, energy security significantly reduces carbon
emission for the entire Oceanic-Asian countries and the low-income Oceanic-Asian
countries, but it aggravates carbon emission in high-income Oceanic-Asian countries.
In addition, innovation significantly reduces carbon emission for the entire Oceanic-
Asian countries, increases carbon emission in the high-income sub-group but it does
not have any significant impact in the case of low-income Oceanic-Asian countries.
Green energy significantly reduces carbon emission across all samples while nonre-
newable energy significantly increases carbon emission across all the samples. The
negative interaction effects of innovation with green energy and the positive inter-
action effect of innovation with nonrenewable energy are statistically significant
across all the samples. The signs of our robust estimates are similar to that of our
main models, especially the BOLS. Thus, we conclude that our findings are verified
across alternative techniques.

5. Conclusion and policy implications

The need to provide a lasting solution to environmental degradation amidst high
energy consumption has been largely debated among researchers and policymakers.
Hence, promoting green energy through innovation-induced energy efficient product
could just be the right panacea. Against this backdrop, our research investigates the
effect of innovation as well as its moderating role on energy in curbing environmen-
tal degradation across different income groupings. Using a panel data of 46 Oceanic-
Asian countries sub-divided into high-income, low-income, and full sample Oceanic-
Asian countries for the period spanning from 1990 to 2018, our study employed
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bootstrap OLS, PCSE and FGLS techniques which are robust to autocorrelation, het-
eroskedasticity and cross-sectional dependence. Our findings revealed that green
energy significantly reduces carbon emission across all income groupings including
the entire sample of Oceanic-Asian countries. However, nonrenewable energy was
found to exacerbate the level of carbon emission across all income groupings as well
as the entire sample countries. Innovation was found to significantly reduce carbon
emission for the entire Oceanic-Asian countries however, its incremental effect was
very pronounced in both low-income and high-income Oceanic-Asian countries lend-
ing credence to the rebound effect as seen in Duarte, Mainar & Sanchez-Chdliz
(2013) and Zeng et al. (2019). The ‘rebounds effect’ postulates that the reaction trig-
gered by the technological innovation that has engendered energy efficiency which
resulted in an efficiency-induced increased income or decrease in the price of energy-
related products will be met by an increase in demand, the phenomenon which will
eventually erode the energy savings in the long term and an eventual rise in carbon
emission. In addition, energy security significantly increases carbon emission in the
high-income oceanic-Asian countries while reduces it carbon emission in the low-
income as well as entire Oceanic-Asian countries although its effect is not signifi-
cant in the latter. Moreover, the moderating effect of innovation with green energy
enhances green energy to mitigate the effect of carbon emission and also reduces
the bad effect of nonrenewable energy on carbon emission across all income group
as well as the entire Oceanic-Asian countries although the effect is not significant
for the low income Oceanic-Asian countries. The reason for the insignificant effect
of innovation can be linked to low managerial and technical skills or inadequate
infrastructural facilities to facilitate innovation with the view to mitigating environ-
mental degradation. Hence, our study has proven beyond reasonable doubt that
innovation complements energy to mitigate environmental degradation. In other
words, the introduction of innovation is highly imperative for a sustainable and
habitable environment.
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