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a b s t r a c t

The earlier studies have analyzed theoretical links between nuclear energy and carbon dioxide (CO2)
emissions concerning territorial (or production-based) emissions. Here using the latest available dataset,
this study explores the impacts of nuclear energy on production-based and consumption-based CO2

emission in the era of globalization for the Organization for Economic Co-operation and Development
(OECD) countries. The Driscoll-Kraay regression method reveals that nuclear energy is beneficial for the
reduction of production-based CO2 emissions. However, it is revealed that nuclear energy does not
reduce consumption-based CO2 emissions that are traded internationally and hence not comprised in
conventional production-based emissions (territory) inventories. Globalization tends to reduce both
production-based and demand-based carbon emissions. Finally, Environmental Kuznets Curve (EKC) is
validated for both kinds of CO2 emissions. The findings may deliver practical policy implications related
to nuclear energy and CO2 emissions for selected countries.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The leading cause of global warming is the carbon emissions
emitted from fossil fuel consumption mostly and a significant in-
crease in energy demand leads to carbon emission [1]. Total carbon
dioxide emissions (CO2) by each country have got a great deal of
attention so far, but less effort has been spent on the consideration
of consumption-based CO2 emissions related to the consumption of
goods and services in each country. This is a key point because
consumption-based CO2 emissions are calculated by tracking
different paths through traded goods and services and captures
directly or indirectly emitted ones [2], thus accounts for carbon
leakages which are one of the crucial problems for national emis-
sion inventories [3]. Achieving sustainable development without
further environmental degradation is a critical challenge the world
is facing today [4]. One of the effective strategies to combat global
CO2 emissions is to substitute fossil fuels with a clean energy source
for electricity generation. The utilization ratio of renewable units is
considerably beneath those of fossil fuel units. Accordingly, the
(Danish), r.ulucak@erciyes.

by Elsevier Korea LLC. This is an
capacity of installation of the renewable unit is greater than the
power plants of fossil fuels to be replaced. In this space, nuclear
energy may be a better alternative since nuclear power plants
generate continuously and unveil capacity factors very close to
100% [5].

Recently, carbon emission mitigation emits by energy produc-
tion and other industrial activities has received a great deal of
attention. As the non-carbonized energy source generating elec-
tricity, thereof nuclear energy has been taking considerable
importance in the global energy production systems. As clean en-
ergy sources, renewable energy and nuclear energy are expected to
decrease carbon emission considerably and further contribute to
the decarbonization of the planet in the future [6]. However, there
is not plenty of time for waiting further energy-related techno-
logical development when considering the 1.5 �C rise in global
temperature of the planet because of greenhouse gas emissions [7].
Therefore, a shift toward clean energy sources for the generation of
electricity is urgently needed for mitigation [8].

Global warming and climate change are the most crucial threats
the world face today and compel countries to generate electricity
from clean sources instead of fossil ones. Among them, nuclear
energy is receiving a massive consideration from policymakers [9].
Because it takes part not only in mitigating carbon emissions [10],
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plays an essential role in economic growth as well with lower cost
of electricity generation [11,12]. Therefore, policies related to re-
newables are strongly backed for climate change, and consequently,
present a politically reasonable path toward reducing carbon
emissions and production costs [12,13].

Renewables, including nuclear, solar and wind, are considered
as effectively carbon-free, have sparked interest worldwide.
Increased renewable energy utilization in 2018 exerted an even
more significant influence on CO2 emissions, preventing 215
Million ton of emissions [14]. A large share of renewable energy in
the energy portfolio will not only encourage economic growth and
reduce CO2 emissions but will also help to accomplish the Sus-
tainable Energy goal as well as increase energy efficiency and
decrease energy dependence [15]. Although renewable energy is a
significant part of energy policy to increase/decrease efficiency/
dependence, still in many countries no significant improvement
has been observed in achieving the goals of environmental sus-
tainability and the growth of renewable energy. Because there are
certain problems with the deployment of renewable energy, such
as lack of technology and infrastructure, high investment costs,
inadequate political and public awareness and adaptation choices
for climate change remain significant challenges [16e18].

There is no doubt that the shift toward clean energy is highly
important to fight global warming and stabilize climatic conditions.
Nuclear energy can deal with high energy prices and decrease
dependence on energy imports [19] as well as decreasing CO2
emissions [20]. Switching from fossil fuels to a larger share of re-
newables and nuclear energy reduce pollution and would decrease
considerably the impacts of global climate change on the quality of
life of the residents [21]. The current study focuses on quantifying
emission mitigation from cleaner energy sources. The growing
need for electricity generation and the necessity of clean energy
transformation, nuclear energy seems as one of the best alterna-
tives. Therefore, analyzing the causal relationship between CO2
emissions, economic output, and nuclear energy in OECD countries
is expected to provide new insights to policymakers.

Given the rapid development of nuclear energy consumption
and its association with carbon mitigation effect in OECD countries
is worthy to investigate as only several studies have examined the
effects of nuclear energy in the environment for OECD countries
[6,8]. To the best of our knowledge, none of the studies in the
literature has investigated the nuclear energy impacts on two kinds
of CO2 emissions for OECD countries. Based on the backdrop above,
the present study explores the nuclear energy impacts on
production-based and consumption-based CO2 emissions for the
case of OECD countries. The investigation of production-based and
consumption-based CO2 emissions separately is important and
interesting for several reasons. The separate analysis of production-
based and consumption-based CO2 emissions would give a detailed
overview of whether or not nuclear energy consumption impacts
both production-based and consumption-based CO2 emissions.
This inquiry will guide the decision-makers to design policy sug-
gestions in detail. The production-based CO2 emission takes the
direct emissions in a particular country emits during the process of
domestic production [22]. It measures the greenhouse gas emis-
sions from fossil fuels consumed in a country by private house-
holds, industrial production of goods and services, and electricity
production [3]. Meanwhile, consumption-based emissions include
the direct and indirect GHG emissions caused due to domestic
production and net imports [23]. The globalization effect may
transfer consumption-based emissions to the final consumers and
expedites following regional and global supply chains [24]. Hence,
indicate to the level of pollution, countries are accountable for
production-based CO2 emissions; moreover, countries should take
stringent measures to reduce the environmental consequences
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resulting from consumption [22]. The consumption-based and
production-based CO2 emissions have gotten immense attention in
recent studies [25e27].

All OECD countries have agreed the Paris Climate agreement to
decarbonize the power sector and compliance with the recom-
mendations of the International Energy Agency to limit the rise in
global mean temperatures to 2 Celsius degree, sometimes referred
to as a two-degree scenario (2DS), keeping carbon concentrations
not more than 450 ppm in the atmosphere [28]. These countries
take ample advantage of energy-led growth and become the
highest energy-consuming economies with a share of 41% in global
energy use. A considerable share of this energy supply drives by
coal, oil, and natural gas, which are the main culprits behind CO2
emissions that lead to deteriorating environmental quality [6]. Like
other renewable, nuclear energy discharges a negligible amount of
CO2 and influence carbon emissions mitigation. Due to the above
mentioned reason, the study focuses on OECD economies. Nuclear
energy has gained momentum in OECD countries since the 1970s
and recently produced nearly 85% of the installed nuclear capacity
worldwide [29].

The potential contribution of this study is threefold: first, pre-
vious literature focuses on the production-based emissions while
assessing nuclear energy and pollution nexus. Therefore, for the
first time, this study estimates the impact of nuclear energy on
production-based and consumption-based CO2 emissions sepa-
rately. Second, the potential role of globalization is considered in
the environmental impact of nuclear energy for OECD countries.
The study adds significantly to the literature as it recommends a
sustainable solution that can be applied to OECD countries for
carbon emission reduction. Third, the study uses the DK-regression
approach, which allows us to evaluate reliable and consistent
results.

Globalization is one of the possible drivers of environmental
pollution discussed in the literature [30,31] as it stimulates pro-
duction and consumption levels and helps to diffuse environmental
technologies [32]. More production and consumption activities can
directly increase CO2 emissions [33]. If production techniques
remain intact during the process of globalization, environmental
conditions will deteriorate. Conversely, if globalization brings about
the deployment of eco-friendly technologies, environmental stan-
dards will improve with increasing trade volume and foreign direct
investment [4]. Overall, pro-globalists argue that globalization has
a positive effect on environmental standards, while anti-globalists
suggest the opposite.

The remaining parts of the study are structured as follows: the
literature on the nuclear energy-pollution nexus is presented in
section 2; data description and methods are explained in section 3.
Estimations and discussion of the results are presented in section 4,
and section 5, respectively. Finally, section 6 concludes the study
with policy and modelling lessons.

2. Literature review

Recently, studies have focused on how nuclear energy influence
the environment in various aspects. Among them, some studies
have covered the relationship between nuclear energy and envi-
ronmental pollution [11,34e36]. However, due to the importance of
clean energy, numerous researchers have investigated the extent to
which economic development and environmental pollution level
might be connected by taking nuclear energy into account [37,38].
In extreme clean energy scenarios, nuclear energy plays an
important role in pollution mitigation compared to renewable en-
ergy [39e41]. But, Hassan et al. [42] recommend opposite views on
the comparison. Recently, Danish et al. [10] bridge the IPAT hy-
pothesis with the environmental Kuznets Curve (EKC) hypothesis,
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and the empirical findings infer that nuclear energy consumption is
beneficial for climate change mitigation.

Available studies on this setting have two different outputs.
Some studies have agreed with the beneficial role of nuclear energy
in the environment [8,43e45]. In the second strand of research,
nuclear energy consumptionworsening the environment [9,46,47].
Most of these studies employed the autoregressive distributive lag
(ARDL) approach for empirical estimation. On the other hand, some
studies built an argument that nuclear energy does not influence
the environment; among those Mbarek et al. [48] for a panel of 18
developing and developed countries; Al-Mulali- [49] for 30 major
nuclear energy-consuming countries; Saidi et al. [19] for developed
countries and Jin & Kim [50] for 30 countries using renewable and
nuclear energy. Summary of the literature on nuclear energy-
emissions nexus is shown in Table 1.

Meanwhile globalization is widely used indicator of environ-
mental pollution. Several authors argued globalization contribute
to pollution. Among them, Pata& Caglar [51] for China; Aslam et al.
and Etokakpan et al. [52,53] for Malaysia [54]; for European union
countries; Wang et al. [55] for G-7 countries. Whereas few
concluded globalization benefit the environment through pollution
reduction, Akadiri et al. [56] for Italy; Baloch et al. [31] for BRICS
countries. Some concluded insignificant globalization impact on
pollution [57e59]. Some recent studies concluded renewable en-
ergy mitigates carbon emissions [60].

From related studies, it is observed evidence on nuclear energy
and the environment. However, none of the studies in the literature
considered the nuclear energy impacts on production-based and
consumption-based CO2 emissions. Besides, globalization as a po-
tential variable has not been studied undertaking the environ-
mental impact of nuclear energy consumption. This work fills the
highlighted gap aiming nuclear energy impacts on production-
based and consumption-based CO2 emissions for OECD countries
in the era of globalization. Further investigation on the nuclear
energy-pollution nexus will probably be helpful to policy analysts
Table 1
Summary of literature nuclear energy and pollution nexus.

Authors Country Methods K

Menyah & Wolde-
Rufael [34]

The US Toda and Yamamoto
causality

U

Iwata et al. [37] France ARDL method N
Apergis et al. [35] Developing and developed

countries
Panel causality test T

Jamil & Abu-hijleh [39] United Arab Emirates Scenario analysis N
Baek & Pride [38] Top six nuclear-generating

countries
CVAR method N

Baek [44] Major nuclear-generating
countries

Panel FMOLS and Panel
DOLS

N

Jin & Kim [50] 30 Nuclear energy-consuming
countries

FMOLS; DOLS N

Dong et al. [40] China ARDL N
Sarkodie & Adams [46] South Africa ARDL N
Lau eet al. [8] OECD countries GMM and FMOLS N
Mahmood et al. [9] Pakistan ARDL N
Hassan et al. [42] BRICS countries CUP-FM and CUP-BC N
Saidi & Omri [6] OECD countries VECM procedure B
Vo et al. [61] CPTPP countries FMOLS; DOLS N
Danish et al. [10] India DARDL N
Azam et al. [47] Highest CO2 emitting countries FMOLS N

n
Danish et al. [45] China DARDL N

em

Note: ARDL ¼ auto-regressive distributive lag; CVAR ¼ cointegrated vector autoregressi
square; CUP-FM¼ Continuously-Updated and Fully-Modified; CUP-BC¼ Continuously Up
regressive distributive lag.
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in shaping adequate energy and environmental policy strategies.
3. Methodology

3.1. Data

This study uses annual data of 15 OECD countries for the period
2005e2016 based on the data availability of nuclear energy con-
sumption for the largest number of years and countries. The study
treated production-based and consumption-based CO2 emissions
as dependent variables, whereas economic output, nuclear energy,
and globalization index are regressors. Data for production-based
and consumption-based CO2 emissions are sourced from OECD
Statistics [62]. GDP per capita is an indicator that represents eco-
nomic output and the data is retrieved from a database of theWorld
Bank. Nuclear energy consumption data is gathered from the
website of British Petroleum (BP) Statistics [63]. The globalization
index data is collected from KOF Swiss Economic Institute. The data
series, both kinds of CO2 emissions and nuclear energy consump-
tion are visually presented in Figs. 1e3.
3.2. Econometric strategy

This study carries out an investigation on nuclear energy im-
pacts on production-based and consumption-based CO2 emissions
in the presence of control variables of economic output and glob-
alization. In light of the recent work of [9,10,42], it estimates the
following econometric equation:

CCO2it ¼ a0 þ a1Yit þ a2Y
2
it þ a3NECit þ a4REit þ a5NGit

þ a6OCit þ mit (1)
ey results

nidirectional causal relationship running from nuclear energy to CO2 emissions

uclear energy reduces emissions.
he negative relationship between CO2 emissions and nuclear energy is observed.

uclear energy is a more practical option for CO2 emissions mitigation.
uclear energy helps in reducing emissions in sampled countries.

uclear energy helps in mitigating CO2 emissions.

o relationship is found between nuclear energy and the environment.

uclear energy reduces carbon emissions.
uclear energy tends to increase carbon emissions.
uclear energy is beneficial for the environment.
uclear energy contributes to carbon emissions.
uclear energy is helpful in pollution mitigation.
oth nuclear energy and renewable energy help in environmental protection.
uclear energy can control environmental pollution.
uclear energy helps to mitigate environmental pollution.
uclear energy and renewable energy decrease emissions, while natural gas does
ot seem to do so.
uclear energy and foreign direct investment contribute to reducing carbon
issions.

on; FMOLS¼ Fully modified ordinary least square; DOLS ¼ Dynamic ordinary least
dated Bias Corrected; VECM¼ vector error correction model; DARL¼ Dynamic Auto-



Fig. 1. Trend in the production based-CO2 emission during 2005e2016.

Fig. 2. Trend in the consumption based-CO2 emission during 2005e2016.

Fig. 3. Trend in nuclear energy consumption during 2005e2016.
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PC02it ¼ b0 þ b1Yit þ b2Y
2
it þ b3NECit þ b4REit þ b5NGit

þ b6OCit þ εit (2)

Where CCO2 and PCO2 show consumption-based carbon emission
and production-based carbon emission, respectively. Y is income
(economic output-GDP per capita), NEC represents nuclear energy
consumption and GLOB stands for globalization. Additional vari-
ables, renewable energy (RE), natural gas (NG), oil consumption
(OC) are used in the model to validate the findings. a1,2...6 and b1,2 …

6 are estimation parameters in't’ time and ‘i’ cross-sections. m and ε

stand for stochastic error terms for model 1 and model 2, respec-
tively. Nuclear energy can play an important not only in energy
supply but in emission mitigation as well. In the scenario, it has
been documented that nuclear energy is a significant part the
environmental protection and sustainable development.

For the estimation of Eq (1) and Eq (2), this study employs the
econometric methodology of Driscoll-Kraay (DK) standard errors
for coefficients estimated by the fixed-effects estimator proposed
by Driscoll & Kraay [64] since DK regression method produces
robust standard errors and efficient estimates [65]. Also, the DK
estimator undertakes that the error structure is heteroskedastic,
auto-correlated, and correlated between the groups in the panel.
So, this estimator provides reliable results in the presence of the
above-mentioned error structure [4]. The DK estimator is useful for
large T as is in the current study, and it uses a nonparametric
technique for estimation. Also, the DK algorithm is effective in
handling missing values and appropriate in employing for both
balanced and un-balanced panel data series. The present study uses
DK standard errors for pooled,”: ordinary least squares (OLS) esti-
mation by considering a linear model expressed as:

yi;t ¼ x0i;tbþ εi;t; i ¼ 1; :::; N ; t ¼ 1; ::::; T (3)

Where yi,t symbolizes the response variables (production-based
and consumption-based carbon emissions) and xi,t indicates
explanatory variables (economic output, nuclear energy, and
globalization). The DK regression approach has got attention and
has been widely used in energy economics literature recently
[4,65e67].
4. Results

The descriptive statistics are calculated for the data series and
presented in Table 2. In order to increase the explanatory power of
regressors, we included each of the additional variables, including
renewable energy (RE), natural gas (NG) and oil (OC) consumptions,
in estimation models separately.

Considering the different structures of production and
consumption-based emissions, which one of them decreases while
the other may increase, the study constructed two alternative
models with the EKC concept. So, the square of income variable was
Table 2
Results of descriptive statistics.

Mean Std. Dev. Min. Max.

Ln PCO2 2.0368 0.4472 1.2830 2.9600
Ln CCO2 2.3093 0.4269 1.1527 3.6988
Ln Y 10.5095 0.5299 9.0991 11.2507
Ln NEC �0.9801 1.2545 �4.8218 0.5997
Ln RE 1.4742 0.0407 1.3292 1.5067
Ln NG 1.2271 0.0908 0.9138 1.4081
Ln OC 1.4692 0.3968 0.2356 1.8348
Ln GLOB 4.3713 0.1703 3.7783 4.5120
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included in the estimated models. These models were differenti-
ated by dependent variables in which production and
consumption-based emissions were employed. Then, applying a
robust panel data method, the panel Driscoll Kray (DK) estimator,
model parameters were estimated to reveal how emissions in
different forms respond to changes in GDP per capita, the square of
GDP per capita, nuclear energy, and globalization. The square of
GDP per capita included in estimations captures the composition
and technique effects which explainwhy pollution may decrease as
per capita income level increases [68,69]). In line with this expec-
tation based on historical experiences of economies, our findings
show that a one per cent increase in GDP per capita and the square
of GDP per capita would lead to a 15.493% increase and 0.742%
decrease in pollution, respectively, confirming a threshold level of
income that pollution starts to fall after it reaches a threshold level,
like a humped shape that is the story behind the EKC. Results
validate the same relationship between GDP per capita, the square
of GDP per capita and emissions for the second model employing
consumption-based CO2 emissions. In other words, initially, eco-
nomic development hampers environmental quality [70], and later,
after crossing a threshold level, economic development reduces
pollution. Consequently, findings on per capita GDP and its square
reveal an EKC relationship between pollution and per capita income
in the sample countries.

Nuclear energy is a strategic variable and a focal point of this
study, as explained in detail in previous sections. Moving on to
estimation results for nuclear energy, it is pretty clear that esti-
mations are statistically significant for production-based CO2
emissions produces by the panel DK regression model. However,
nuclear energy consumption has no significant impact on
consumption-based CO2 emissions. In other words, nuclear energy
has no effect on consumption-based CO2 emissions. Table 2 shows
that a rise of 1% in nuclear energy consumption reduces produc-
tion-based-CO2 emissions by 0.07%.

Globalization has a negative and significant impact on
production-based CO2 emissions and consumption-based CO2
emissions. A 1% rise in globalization contributes to 0.268%/0.438
reduction in production-based- and consumption-based CO2
emissions, respectively.

Additional control variables, renewable energy, natural gas and
oil consumption were added to validate the findings of the model.
Of them, renewable energy consumption contributes both to the
reduction of consumption-based and production-based CO2 emis-
sions. An increase of 1% in renewable energy causes a decline in
consumption-based and production-based CO2 emissions by
1.7537% and �0.97%, respectively. Natural gas and oil consumption
as well were used as potential factors of CO2 emissions. Table 3
shows that most of the results do not change significantly in
cases where other control variables such as natural gas and oil
consumption too.

5. Discussions

The impact of GDP per capita on pollution may be twofold. On
the one hand, the increase in GDP requires more resource usage,
more production, more consumption, and thus more pollution. On
the other hand, economies shift to service-intensive structures and
may invest more in technological improvement, which results in
less material usage and pollution, through the increasing income
level. Similarly, globalization as well may bring about such twofold
outcomes by triggering economic activities that increase pollution,
and by accelerating technology transfers and environmental
awareness [71e73]. This is an expected result according to the
relationship between pollution and per capita GDP in the context of
the EKC. This phase of economies is called the developing stage, and



Table 3
Result from DK- Regression estimation method.

Dependent variable: Production-based CO2 emissions Dependent variable: consumption-based CO2 emissions

Regressors Coef. [ P>|t|] Coef. [ P>|t|] Coef. [ P>|t|] Coef. [ P>|t|] Coef. [ P>|t|] Coef. [ P>|t|] Coef. [ P>|t|] Coef. [ P>|t|]

Ln Y 15.493 15.207 9.617 15.420 8.2849 8.1624 2.1402 5.4411
[0.000] [0.000] [0.000] [0.000] [0.000] [0.000] [0.009] [0.000]

Ln Y2 �0.742 �0.728 �0.474 �0.738 �0.3805 �0.3745 �0.0926 �0.2405
[0.000] [0.000] [0.000] [0.000] [0.000] [0.000] [0.022] [0.000]

Ln NEC �0.071 �0.071 �0.116 �0.108 0.0040 0.0038 �0.0228 �0.0049
[0.000] [0.000] [0.000] [0.000] [0.790] [0.782] [0.186] [0.770]

Ln RE e �0.970 e e e �1.7537 e e

[0.002] [0.000]
Ln NG e e �3.638 e e e 0.4929 e

[0.000] [0.000]
Ln OC e e e �0.395 e e e �0.1478

[0.000] [0.000]
Ln GLOB �0.268 e e e �0.4383 e e e

[0.000] [0.000]
Constant �77.817 �77.513 �75.805 �51.132 �40.7061 �39.4080 �13.0043 �28.0257

[0.000] [0.000] [0.000] [0.000] [0.000] [0.000] [0.001] [0.000]
F-test 1730.92 1167.08 11214.68 7066.51 1858.62 789.83 4527.04

[0.000] [0.000] [0.000] [0.000] [0.000] [0.000] [0.000]
R-squared 0.43 0.53 0.33 0.51 0.52 0.52 0.60 0.52
Root MSE 0.3393 0.3101 0.3703 0.3153 0.2970 0.2975 0.2705 0.2968
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their structures mostly and heavily rely on the industrial sector that
is less environmentally friendly than the service sector. Due to the
increasing production and enlarging size of economies in this stage,
the increase in pollution is attributed to the scale effect [16].
However, the square of GDP per capita shows the higher levels of
per capita income that enable people to invest in new production
techniques with material and energy-efficient properties. Further,
the share of the service sector that produces less pollution than the
industrial sector intensifies in an economy in parallel with the
increasing income level.

The beneficial impact of nuclear energy on production-based
CO2 emissions reduction could also reveal and explain the
absence of leakage phenomenon. In other words, nuclear energy
reduce emission emits from production. The net effect of nuclear
energy does not play a role in the exported emissions from other
countries. From production-based emissions, our result claims that
nuclear energy reduces CO2 emissions in OECD countries. There-
fore, diversifying energy supplies to nuclear energy is important for
OECD countries to reduce pollution [47]. However, generation of
electricity from nuclear sources requires a great deal of attention
concerning safety matters. The radioactive waste management and
installation of the nuclear plant need to be treated carefully to
circumvent undesired accidents with environmental and health
impacts [11]. Nuclear energy can serve as an alternative for con-
ventional energy, however, it depends on the economic classifica-
tion and socioeconomic factors that help to apply the energy
storage for sustainable development [51]. Nuclear energy has
phenomenal market potential, and it is also cost-effective. The
development of nuclear energy ensures energy security and stim-
ulates economic growth. The beneficial effect of nuclear energy in
production-based emissions are in line with previous literature
showing similar results (See Refs. [6,8,38,42,44,74]). However, the
findings of Mahmood et al. [9] for Pakistan; Danish et al. [10] for
India; Sarkodie & Adams [46] for South Africa, showed that nuclear
energy contributes to pollution due to possible reasons such as
improper nuclear waste or management practices. We also
revealed by our findings that nuclear energy does not reduce
consumption-based CO2 emissions, which are traded internation-
ally and hence not accounted in conventional production-based
emissions (territory) inventories, in OECD countries.
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From the results, it is evident that renewable energy helps
reduce both kinds of carbon emissions. This supports the moder-
ating role of renewable energy for struggling with global warming
and climate change and suggests more investment in renewable
energy generation. For instance, renewable energy integration cost
is higher than non-renewable technologies. So, OECD countries
should start the stage-wise transformation from conventional en-
ergy sources to green energy implying in household use, industrial
and commercial sectors.

The impact of globalization on production-based and
consumption-based CO2 emissions is found negative and signifi-
cant. In other words, globalization helps to reduce both production-
based and consumption-based carbon emissions. The results are
meaningful as international trade expansion may permit the utili-
zation of environmentally friendly machinery for the production of
goods and trade openness to promote energy-efficient technologies
during globalization. There are similar results on the role of glob-
alization in reducing the environmental pollution in the literature
[32,71,75,76], which are in line with our findings. Also, traded
goods in OECD countries utilize clean energy during the production
of goods and services. This is especially the case for the high ratio of
clean goods in trade of OECD countries.

The study provides empirical supports for the role of nuclear
energy and renewable energy in mitigating carbon emission under
some research limitations. Firstly, results are based on annual data,
measured by national statistical offices of countries and provided to
international databases. So, they may have measurements prob-
lems. Second, our results were obtained by assuming linear re-
lationships between study variables and using the linear panel data
estimation method, but they may change in nonlinear estimations.
Third, the data range of the study covers the period 2005e2016
because of data unavailability for the nuclear energy variable,
which requires the use of panel data techniques for the estimation.
Therefore, we used the DK panel regression method with robust
standard errors since there are 15 observations per cross-section. R-
square values of our estimations are relatively lower than those that
can be produced by time series econometric estimations. One of the
possible causes of the low R-square value is the multicollinearity
problem. However, we checked themulticollinearity and calculated
a VIF (variance inflation factor) value less than 5 (4.71), meaning no
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multicollinearity issue in the estimation. Although research shows
that the R-square value of cross-section estimations may be much
lower than time-series R-squares [77,78], this is another limitation
for our results and interpretations so further research will shed
light on the issue by using a wide data range, alternative method-
ologies and variables which may fit well in estimated models.

6. Conclusion and policy insights

Even though nuclear energy impacts on CO2 emissions have
been an area of interest recently, it has not been investigated for the
potential role of globalization for two kinds’ production-based and
consumption-based CO2 emissions. As most of the policy measures
are based on production-based CO2 emissions, in the context for
equity consideration, consumption-based CO2 emissions analyses
are imperative [79]. This paper investigates the impacts of nuclear
energy on two measures of CO2 emissions for panel data of OECD
countries. The econometric approach of DK regression with stan-
dard errors was employed, which infer that nuclear energy plays an
important role in production-based carbon emissions. However,
nuclear energy does not have any significant impact on
consumption-based carbon emissions. Globalization has a statisti-
cally significant effect on both kinds of CO2 emissions. Economic
output significantly contributes to both kinds of CO2 emissions. The
inclusion of additional control variables confirms the robustness of
the model.

The outcome may deliver worthwhile implications for policy-
makers in designing policies related to nuclear-and CO2 emissions
for OECD countries. The policy analyst should consider that the
different impacts of nuclear energy on both kinds of carbon emis-
sions. As nuclear energy is a cleaner energy source and can be
helpful to meet growing energy demand, and it can reduce
dependence on energy imports. Probably, the considerable amount
of nuclear energy in OECD countries might be the reason for a
connection between an aggregate measure of energy prices and
CO2 emissions. Further, nuclear energy could manage in achieving
sustainable development goals and design better environmental
strategies. Furthermore, the OECD countries requires more invest-
ment and reforms for nuclear energy and its intensification.
Certainly, nuclear energy-related technology will continue to
maintain the status of the country while contributing not only to
economic growth but contribute to social and sustainable envi-
ronmental improvement as well. Nuclear power generation has
lower costs, ensuring energy security and reduce pollution gener-
ated from energy production from conventional sources. Countries
should encourage to increase local and foreign investments in nu-
clear energy supply, keeping in view security and safety measures.
Additionally, electricity generation from nuclear power would be
helpful to reduce dependence on energy imports. Policymakers
should emphasize being globalized more since it strengthens the
beneficial impacts of nuclear energy in carbon emissions reduction.
They may increase the share of nuclear energy through globaliza-
tion, contributing to international trade and foreign direct invest-
ment, technology transfers and environmental awareness.
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