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Abstract

This study examines the moderating effects of renewable and nuclear energy on the re-
lationship between transportation index (air and land) and environmental sustainability
from 1995 to 2022 across the top 27 polluting countries. The study employed a series
of pre-estimation tests, along with the novel Method of Moments Quantile Regression
(MMQR), to estimate heterogeneous effects across the lower, middle, and upper quantiles of
environmental sustainability. The MMQR results indicate that environmental sustainability
is hampered by transportation, whereas renewable and nuclear energy promote it. The
moderation effect model shows that both renewable and nuclear energy development miti-
gate the negative environmental externality from the transportation sector. The controlling
factors, GDP and inflation, are found to be harmful for environmental sustainability, while
trade openness is found to be favourable. The robustness findings using Driscoll and Kray
standard errors (DKse) yielded similar results; nonetheless, the magnitude of the coefficient
varies substantially. Thus, think tanks and policymakers are recommended to integrate
renewable and nuclear energy into the transportation sector’s energy portfolio to mitigate
its negative environmental impacts.

Keywords: transportation; renewable energy; nuclear energy; environmental sustainability;
MMQR

1. Introduction
The transportation sector is crucial to economic growth and development, contribut-

ing to international trade, tourism, and resource movement [1–3]. It is also essential for
socio-economic development. However, the transportation sector’s carbon dioxide (CO2)
emissions pose significant environmental risks, with an increase of over 25% in 2019 com-
pared to 1990 [4]. These emissions contribute to global challenges such as environmental
degradation, flooding, and a diminished ozone layer. Air pollution in India and China
contributes to cardiovascular illnesses and is considered unsafe for human habitation [5].
The United Nations’ Sustainable Development Goal 13 (SDG 13) calls for global govern-
ing authorities and stakeholders to develop environmental risk mitigation strategies [6].
The current transportation system is unsustainable due to its reliance on traditional fos-
sil fuels, particularly in private automobiles. This reliance raises concerns about CO2,
volatile organic compounds, and fragile particulate matter [7]. Therefore, there is an urgent
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need for clean and emission-free energy sources in the transportation sector to maintain
ecological sustainability.

The current transportation sector framework heavily relies on fossil fuel-based energy
sources, and excessive reliance on them undermines environmental performance [8]. The
various modes of transportation, such as inland shipping, road transportation, freight, avi-
ation, and rail transportation, significantly increase environmental risk [9–13]. Nonetheless,
the incorporation of sustainable energy sources into the transportation sector can help boost
economic growth without compromising environmental sustainability [14]. Sustainable
and clean energy sources, such as renewable and nuclear energy, can help alleviate envi-
ronmental risks associated with the transportation sector. Nuclear and renewable energy
sources are alternatives to fossil fuel-based energy, characterized by their ability to produce
emission-free energy [15,16]. Renewable energy development is instrumental in lowering
environmental contamination [17]. Besides that, the development of renewable and nuclear
energy also helps achieve economic goals without compromising environmental stan-
dards [18]. In their research, Jaiswal, Chowdhury [19] further endorsed the significance of
sustainable clean energy for improving environmental, social, and economic performance.

The critical role of renewable and nuclear energy extends beyond environmental and
economic benefits in the industrial and manufacturing sectors. Past studies heightened
the significance of renewable and nuclear energy for the transportation sector. Incorporat-
ing renewable and nuclear energy into the transportation sector’s energy portfolio could
provide a viable solution for reducing transport-based emissions. For instance, Amin,
Altinoz [20] recommended to increase the share of renewable energy in the transportation
sector to reduce the amount of CO2 emissions from the environment. More precisely,
from the transportation sector, several studies linked renewable energy consumption with
the CO2 emission reduction [21,22]. Dai, Alvarado [23] stressed that the United States
should increase the share of renewable energy in the transportation sector to shift towards
a pollution-free environment. Furthermore, García-Olivares, Solé [24] enlightens the feasi-
bility of replacing the traditional transportation sector’s energy structure with renewable
energy to mitigate environmental risk. Nonetheless, the evidence above lays a thought-
provoking theoretical foundation that underscores the significance of renewable energy in
mitigating the transportation sector’s negative impact on environmental sustainability.

Furthermore, renewable energy may not replace fossil fuels solely due to their in-
termittent nature. Incorporating nuclear energy, which provides stable and carbon-free
power, significantly reduces the need for renewable capacity and storage, enhancing the
efficiency and reliability of fossil fuel substitution [25]. Nuclear energy can provide a viable,
sustainable energy source for decarbonizing the transport sector [26]. Recent literature
complements these arguments by examining maritime transportation from a different
perspective. For instance, Wang, Zhang [27] argued that incorporating nuclear energy
into maritime transportation could reduce environmental stress. Despite the critical im-
portance of nuclear and renewable energy in the transportation sector, whether these can
mitigate or alter the adverse effects of transportation on environmental sustainability is
largely unexplored.

The above discussion helps conceptualize the significance of renewable and nuclear
energy for decarbonizing the transport sector and ensuring environmental sustainability.
Nonetheless, prior studies have mainly focused on the direct impacts of renewable and
nuclear energy, and of transportation, on environmental sustainability [17,28–33]. The
question of how, and whether, renewable and nuclear energy can moderate the strength or
direction of the impact of transportation on environmental sustainability remains unan-
swered. Moreover, prior studies generalized the influence of investments in transportation
infrastructure on environmental pollution, ignoring the role of various modes of trans-
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portation together. These gaps hinder a comprehensive understanding of how renewable
and nuclear energy might mitigate or exacerbate the environmental impacts of the trans-
portation sector, particularly in the top 27 polluting countries. Among these countries,
the WorldBank [34] lists China, Russia, the USA, India, and Germany as top contributors
to CO2 emissions. Furthermore, Russia, China, India, Brazil, and South Africa represent
nearly 50% of the global population and account for 25% of global GDP [35].

Drawing on the above debate, the present research addresses the aforementioned
literature gaps by contributing significantly to understanding the conditional impact of
renewable and nuclear energy on the relationship between transportation and environmen-
tal sustainability. First, to the best of our knowledge, this study is the first to utilize the
transportation index (air and land) to investigate its influence on environmental sustainabil-
ity. Second, this study is the pioneer in examining the moderating role of renewable and
nuclear energy in the relationship between transportation and environmental sustainability.
Third, this study is among the few to use the novel method of moments quantile regression
(MMQR) to examine this interactive relationship across the top 27 polluting countries.
These countries hold critical importance in establishing sustainable development strategies.
Fourth, the outcomes of this research provide prudential policy recommendations for think
tanks, governing authorities, and policymakers under the umbrella of SDG 13.

The subsequent framework of this paper is as follows: Section 2 presents academic
literature. Sections 3 and 4 present methodology and empirical outcomes, respectively.
Section 5 provides a conclusion, policy discussion, and future research directions.

2. Literature Review
2.1. Theoretical Framework

The theoretical framework of this research is based on the grounds of Stakeholder
theory [36]. The advocates of stakeholder theory emphasized that heavily polluting busi-
nesses should prioritize and protect the interests of all stakeholders (publics, customers,
employees, government, and shareholders) rather than focusing solely on shareholder
profit maximization [37]. Transportation activities play a vital role in a country’s economic
well-being [38–40]. Transportation facilities are equally helpful in enhancing business
efficiency [41]. Transportation facilities also help the general public and increase their
access to job opportunities [42,43]. Despite these favorable outcomes, the transportation
sector is one of the biggest contributors to CO2 emissions, posing a severe environmen-
tal risk [6]. Acheampong, Dzator [44] argued that transportation infrastructure fosters
economic growth at one end, but on the other end, it increases CO2 emissions. Several
studies claimed a strong correlation between environmental risk and transportation activi-
ties [45,46]. This environmental crisis is a serious concern for human beings, and therefore,
SDG 13 of the UN emphasizes the establishment of environmental risk mitigation strate-
gies [47]. Incorporating clean energy sources, such as renewable and nuclear energy, into
the transportation sector’s energy portfolio could be a revolutionary step toward envi-
ronmental sustainability. Renewable and nuclear energy sources are well recognized for
their CO2-emission-free capabilities [15,48]. Clean energy development can be a gateway
to achieving environmental, social, and economic prosperity [19]. Nonetheless, integrat-
ing renewable and nuclear energy into the transport sector’s energy mix can provide
a feasible approach to reducing transport-related emissions [20,26,27]. These practices
align with the stakeholder theory, which emphasizes safeguarding economic, social, and
environmental sustainability.
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2.2. Transportation and Environmental Sustainability

Over the last three decades, transportation has been a leading sector contributing
to environmental pollution, and several initiatives have been taken to mitigate these
emissions [49]. The transportation sector accounts for nearly 26.5% of greenhouse gas
emissions [50]. From Sweden, Larsson, Kamb [51] found that continuous international
travel significantly increases CO2 emissions. In G7 countries, Jahanger, Ozturk [46] ana-
lyzed the dataset from 1994 to 2020 using MMQR and concluded that air transportation
significantly increases CO2 emissions. They added that green innovation can mitigate
the negative impact of air transportation on environmental sustainability. In the context
of Pakistan, Danish, Baloch [52] utilized the vector error correction model (VECM) and
the autoregressive distributed lag (ARDL) from 1990 to 2015 to conclude that transport
energy consumption is responsible for environmental deterioration. Using Wavelet quantile
regression from 1990 to 2020, Malik, Rehman [28] found that transportation infrastruc-
ture, financial development, urbanization, and economic growth exacerbate environmental
pollution in Pakistan. Parallel to that, [53] employed NARDL from 19,971 to 2021 and
found transportation infrastructure responsible for increasing environmental contamina-
tion. Gyamfi, Bekun [54] found that air transport reduces environmental quality; however,
rail transport had a favorable impact. Similarly, Rosqvist and Hiselius [55] claimed that
passenger transport is a primary source of CO2 emissions. Utilizing data from 2010 to 2019
in the 30 provinces of China, Jing, Liu [56] studied the link between public transportation
and environmental contamination. They concluded that public transportation has a fa-
vorable impact on environmental sustainability by reducing CO2 emissions. Furthermore,
from OECD countries, Churchill, Inekwe [57] claimed that transportation infrastructure
substantially increases environmental risk. In the context of 3 Asian countries, Qian [45]
investigated the linkage between transportation infrastructure, urbanization, industrial-
ization, and environmental contamination from 1995 to 2020. The results of MG, AMG,
and CCEMG estimation techniques found a positive link between urbanization, indus-
trialization, transportation infrastructure, and environmental contamination. The above
literature comprehensively establishes the relationship between the transportation sector
and environmental sustainability. However, the majority of the existing literature used a
single indicator of the transportation sector to examine environmental impact. Nonetheless,
we add to the existing literature by developing a more comprehensive transportation index
that combines air and land transportation. Motivated by the above, we have proposed the
following hypothesis:

H1. Transportation significantly hampers environmental sustainability by increasing CO2 emissions.

2.3. Renewable Energy as a Moderator

In the recent literature, renewable energy has been neglected as a significant factor
influencing the transportation and environmental sustainability nexus. Numerous earlier
studies have recommended introducing renewable energy into the transportation sector
to mitigate its environmental impact [20]. One of the pioneer studies examined the chal-
lenges linked with the 100% induction of renewable energy in the transportation sector [24].
They concluded that a 100% transition to renewable energy in the transportation sector is
achievable. However, it is subject to several obstacles, including limited material resources,
infrastructure constraints, technological barriers, resource availability, and economic and
policy challenges. However, Ibrahim, Ajide [58] found a direct link between renewable
energy and CO2 emissions, confirming that renewable energy can substantially reduce
CO2 emissions. Similarly, Lee, Zhang [59] found that renewable energy development in 30
provinces of China substantially mitigates environmental risks. Dai, Alvarado [23] investi-
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gated the impact of transportation infrastructure, renewable energy, and economic growth
on CO2 emissions from the transportation sector. They found a positive link between
economic growth, transportation, and CO2 emissions, while renewable energy helps curb
CO2 emissions. They further recommended increasing the share of renewable energy in
the transportation sector to reduce transport-based CO2 emissions. Naseem, Kashif [31]
employed NARDL from 1990 to 2018 and found that green energy and financial innovation
mitigate CO2 emissions, while economic growth substantially increases CO2 emissions.

Furthermore, Rehman, Islam [60] and Alnour, Awan [17] argued that green transporta-
tion, investment in transportation infrastructure, and renewable energy are instrumental
for lowering CO2 emissions. Similarly, Malik, Rehman [28] found that CO2 emissions
substantially increase in Pakistan due to financial development, urbanization, and trans-
portation infrastructure, while renewable energy is negatively linked with CO2 emissions.
In the European transportation sector context, Kwilinski, Lyulyov [61] found a favorable
impact of environmental technologies and renewable energy on ecological sustainability.
They categorically suggested promoting technological innovation and renewable energy
consumption to develop cleaner transportation strategies. Jahanger, Ozturk [46] argued
that pro-environmental interventions, such as environmental taxes and green innovation,
can substantially reduce the adverse environmental impacts of air transportation. Nonethe-
less, the majority of the standing literature demonstrates a direct link between renewable
energy, transportation, and environmental sustainability. More explicitly, the literature
heightened the need to incorporate renewable energy into the transportation energy mix
for a low-carbon future. However, none of the studies examined the moderating effect of
renewable energy on the transportation-environmental sustainability nexus. Drawing on
the above discussion to address this gap, we have proposed the following hypothesis:

H2. Renewable energy can mitigate the adverse effects of transportation on environmental sustainability.

2.4. Nuclear Energy, Transportation, and Environmental Sustainability

A growing body of academic literature has examined the environmental impacts of
transportation and nuclear energy. For instance, Ali, Jiang [62] studied the environmen-
tal outcomes of air transportation, nuclear energy, economic complexity, and industrial
improvement using a Chinese dataset from 1983 to 2016. The main findings linked air
transportation and economic complexity to environmental contamination, while nuclear
energy and industrial development mitigate it. Similarly, Hassan, Khan [63] found that
technological innovation and nuclear energy mitigate environmental contamination, while
public service transportation exerts an adverse effect. Several studies also investigated
nuclear energy’s direct impact on the transportation sector and environmental sustain-
ability. Utilizing quantile-on-quantile regression from 1990 to 2019, Pan, Adebayo [64]
found twofold environmental outcomes of nuclear energy consumption. Their empirical
findings found that nuclear energy consumption improves environmental sustainability
in the USA, Germany, Canada, Sweden, Ukraine, South Korea, Russia, and France. In
Spain and China, environmental sustainability has significantly deteriorated due to nuclear
energy use. However, Karakosta, Pappas [18] showed that nuclear and renewable energy
are instrumental for promoting economic growth without contaminating the environment.
Similarly, Addo, Kabo-bah [65] and Habib, Ali [66] claimed the favorable linkage between
nuclear energy consumption and environmental outcomes.

Moreover, earlier evidence from Hori [67] heightened the significance of integrating
nuclear energy into the transport sector to lower CO2 emissions. Similarly, Forsberg [26] ar-
gued that introducing nuclear energy in the transportation sector could be a viable solution
for controlling transport-based CO2 emissions. Jimenez and Flores [68] highlighted the eco-
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nomic, health, and environmental benefits of nuclear energy-based zero-emission transport
vehicles. From the maritime transport Wang, Zhang [27] found nuclear energy to be a crucial
factor in lowering environmental risk in the Arctic region; however, it is attributed to gov-
ernance and safety challenges. Furthermore, Michaelides and Michaelides [25] illustrated
nuclear energy as a feasible solution for substituting fossil fuel-based energy. The above
discussion sheds light on the direct relationship between nuclear energy, transportation,
and environmental sustainability. This discussion also shows that incorporating nuclear
energy into the transportation sector’s energy portfolio can help reduce transport-related
environmental crises. Despite this, none of the prior studies examined the moderating role
of nuclear energy in the transportation-environmental sustainability nexus. Therefore, we
have formulated the following hypothesis to address that literature gap.

H3. Nuclear energy can mitigate the adverse effects of transportation on environmental sustainability.

3. Materials and Methods
3.1. Data

This research investigates the moderating role of renewable and nuclear energy in
the relationship between transportation and environmental sustainability. The study
dataset contains the top 27 polluting countries from 1995 to 2022. The countries’ selection
criteria and time span are based on the data availability, especially concerning nuclear
energy in the top 27 polluting countries. This dataset also ensures the reliability and
consistency of the outcomes. Table 1 lists the selected countries. The study’s dependent
variable is environmental sustainability, and its independent variable is transportation.
The moderating variables include renewable and nuclear energy. Furthermore, the study
incorporated dynamic macroeconomic variables, such as gross domestic product (GDP),
inflation, and trade openness, to estimate the true relationship among the variables. Table 2
presents detailed definitions, operational codes, measurements, and data sources of the
variables. For empirical estimation, we have utilized Stata 17 software. The study employed
the mean-filling method to supplement any missing values before regression analysis and
to ensure homogeneity; all variables were expressed in logarithmic form [69,70].

Table 1. List of sample countries.

South Africa Russia Ukraine Netherlands United Kingdom Belgium
Pakistan Mexico Romania France Spain Czechia

China Bulgaria India Canada Germany
Armenia Argentina Brazil Hungary Sweeden
Slovenia Switzerland United States Finland Slovakia

Table 2. Description of variables.

Variables Codes Operational Definition Ref. Source

Environmental
Sustainability ENSUS

It represents environmental
sustainability measured through CO2

emissions per capita
[71] WDI

Transportation Index TINDEX

It demonstrates the transportation
index calculated using two indicators:
air and land transport. The index is

calculated through PCA

[72] WDI
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Table 2. Cont.

Variables Codes Operational Definition Ref. Source

Renewable Energy
Development RED

It signifies renewable energy
development measured by total
energy production from nuclear

sources in quad Btu.

[16] EIA

Nuclear Energy
Development NED

It signifies nuclear energy
development measured by total
energy production from nuclear

sources in quad Btu.

[15] EIA

Transportation Index
×Renewable energy

development

TINDEX ×
RED Interaction term Author’s

Calculation

Transportation Index ×
Nuclear energy
development

TINDEX ×
NED Interaction term Author’s

Calculation

Gross Domestic Product GDP Gross domestic product constant to
2015 [73] WDI

Inflation INFL It represents the rate of inflation. [74] WDI

Trade openness TO It represents the trade as a percentage
of GDP [75] WDI

Note: WDI shows “World Development Indicators”, and EIA demonstrates “Energy Information Administration”.

3.2. Econometric Model

Following the studies of Jahanger, Ozturk [46], following equations have been em-
ployed for empirical estimation.

Equation (1): Empirical estimation equation

ENSUSi,t = f (TINDEX, RED, NED, GDP, INFL, TO) (1)

ENSUS, TINDEX, RED, NED, GDP, INFL, and TO represent environmental sustainabil-
ity, renewable energy development, nuclear energy development, gross domestic product,
inflation, and trade openness, respectively.

Equation (2): The Direct effect model is utilized to examine the direct impact of the
transportation index on environmental sustainability.

ENSUSi,t = ω0 + ω1TINDEXi,t + ω2GDPi,t + ω3 INFLi,t + ω4TOi,t + εi,t (2)

Equation (3): The combined-effect model is used to examine the combined impact of
transportation and the development of renewable and nuclear energy.

ENSUSi,t = ω0 + ω1TINDEXi,t + ω2REDi,t + ω3NEDi,t + ω4GDPi,t + ω5 INFLi,t + ω6TOi,t + εi,t (3)

Equation (4): The Moderation effect model is utilized to investigate the moderating role
of renewable and nuclear energy development in the relationship between transportation
and environmental sustainability.

ENSUSi,t = ω0 + ω1TINDEXi,t + ω2REDi,t + ω3NEDi,t + ω4TINDEX ∗ REDi,t + ω5TINDEX ∗ NEDi,t

+ω6GDPi,t + ω7 INFLi,t + ω8TOi,t + εi,t
(4)
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Here, “i” suggests cross-sections, while “t” means the time. The expression “εi,t”
characterizes the error term.

3.3. Empirical Strategy

This section outlines the econometric approach, comprising descriptive data, correla-
tion analysis, pre-estimation, regression analysis, and robustness testing. Figure 1 offers a
detailed illustration of the econometric strategy.

Figure 1. Econometric strategy.

3.4. Cross-Sectional Dependence (CSD)

In panel studies, evaluating cross-sectional dependency is the first requisite step.
Recently, economies have relied on one another due to economic integration and globaliza-
tion, which predominantly accounts for cross-sectional dependence [76,77]. Additionally,
social, environmental, and economic variables contribute to cross-sectional dependence
between nations [78]. The projected outcomes without the CSD test are often skewed and
questionable. Therefore, this study used the tests of Pesaran [79,80] to examine the CSD.
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Equation (5), the CSD equation, is used to examine the cross-sectional dependence
among the variables in the data series.

CSD =

√
2T

N(N − 1)

(
N−1

∑
i=1

N

∑
k=i+1

β̂ik

)
∼ N(0, 1)i, k (5)

3.5. Slope Homogeneity Test

The current investigation applied the Pesaran and Yamagata [81] test to handle the
possible heterogeneity of slope variables produced from regression estimates across cross-
sectional units owing to their differing social and economic particulars. This test generates
“Delta and Adjusted Delta” estimates to test homogeneity under the null hypothesis. For
that reason, this research applied the following equations:

Equations (6) and (7): The following equations, representing “Delta and Adjusted
Delta,” have been used to determine slope homogeneity among the data series.

∼
∆HPY = (N)

1
2 (2K)−

1
2

(
1
N

∼
S − k

)
(6)

∼
∆ASH = (N)

1
2

(
2k
(

T − k − 1
T + 1

)− 1
2
(

1
N

∼
S − k

))
(7)

3.6. Panel Unit Root Test

To evaluate the unit root among the dataset, the current study prioritized the second-
generation cross-sectional Im, Pesaran, and Shin unit root test (CIPS), originated by Pe-
saran [82], over conventional unit root tests. Because conventional unit root tests rely
on the model’s assumed cross-sectional independence, they may yield biased results.
Nonetheless, to yield reliable estimates, we have used the CIPS and CADF tests via the
following equation.

Equation (8): CIPS equation

∆Vi,t = ωi + ωiXi,t−1 + ωiVt−1 +
P

∑
I=0

ωiI∆Vt−1 +
P

∑
I=o

ωiI∆Vt−1 (8)

Here, Vt−1 validate cross-sectional averages. The CADF test also uses the CIPS
equation to test for a unit root.

Equation (9): CADF equation

CIPS =
1
N ∑N

i=1 CADFi (9)

3.7. Panel Cointegration Test

This study preferred second-generation panel cointegration tests, as they yield more
reliable and efficient estimates than standard first-generation tests. We utilized the Wester-
lund [83] test, which is often considered more reliable than Pedroni [84] and Kao [85]. The
Westerlund test yields more accurate results when accounting for slope homogeneity and
cross-sectional dependence. Additionally, this test can accommodate various cross-sectional
patterns and periods. Moreover, we have employed Westerlund and Edgerton [86] with a
bootstrap to provide additional evidence of cointegration among the panel variables.
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Equation (10): Westerlund (2007) [83] test is employed to analyze the long-run rela-
tionship between the dependent and the explanatory variables of the data series.

∆Xi, t = ωiδi + βi(Xi,t−1 − θiYi,t−1) +
q

∑
j=1

βi,j∆Xi,t−j +
q

∑
j=0

φi,j∆Yi,t−j + εi,t (10)

3.8. Estimation Technique MMQR

The prevalence of heterogeneity in panel research is persistent, making it vital to
address. Since panel research is often subject to this heterogeneity, it raises doubts about
the predicted results, whether they are based on actual connections or exaggerated by it.
Nevertheless, most standard panel estimation techniques cannot cope with this heterogene-
ity, stressing the need for a more specialized approach. Therefore, this study adopted a
quantile-based estimation approach, which is better suited to handling this heterogene-
ity [87]. Quantile-based approaches create quantile links to address heterogeneity in panel
data. Although these methods are based on Ordinary Least Squares (OLS) principles,
establishing a relationship with quantiles yields more reliable results. In addition, the
quantile-based methods are capable of guarding against outliers. In contrast to standard
average-based estimation approaches, quantile-based estimation methods provide more
comprehensive findings by creating quantile links [88].

This study employed the most advanced “Method of Moments Quantile Regres-
sion” (MMQR), which is additionally capable of addressing fixed effects strikes on the
outcomes [89]. For this study, the MMQR estimation approach is most suitable for the
following reasons. First, it can address the distributional and heterogeneous changes in
environmental sustainability and other factors across the top 27 polluting countries. Second,
MMQR provides robust, reliable, and efficient estimates in nonlinear models.

Equation (11): The subsequent equation demonstrates the location-scale variant of
conditional quantiles.

ENSUSit

(
τ

Xit

)
= ωit + ω1TINDEX + ω2GDPi,t + ω3 INFLi,t + ω4TOi,t + εi,t (11)

where the τth quantile function condition is signified by ENSUSit

(
τ

Xit

)
, Xit demonstrations

of the explanatory regressors as defined in Equation (2).
Equation (12): This equation presents scale and location functions as follows:

QyENSUSit

(
τ

Xit

)
= (∅i + θiq(τ)) + X′

itβ + Z′
ityq(τ) (12)

Here, the scalar parameter showing the quantile fixed-effect is denoted by ∅i + θiq(τ),
the Z′

i = Z′
l(X) shows the k-vector of known differentiable components of X with I

elements. Compared to least square fixed-effects, the explanatory variables in this method
do not signify intercept shifts. These are time-explanatory variables whose heterogeneous
effects are permitted to vary across the quantiles of the conditional distribution of the
dependent variable.

Equation (13): The following equation presents the conditional distribution of quantiles.

minq∑
i

× ∑
t

ρτ(Ait −
(
δi + Z′

itγ
)
q (13)

Here, ρτ(A) = (τ − 1)AI{A ≤ 0}+ TAI{A > 0} shows the check function.
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3.9. Robustness Check

By following Jahanger, Ozturk [46] we have employed Driscoll and Kraay’s standard
error (DKse) estimation technique for the robustness analysis. Hoechle [90] states that
the DKse can establish heteroskedasticity and autocorrelation consistency and manage
common and temporal cross-sectional dependency. Additionally, outcomes are derived
using models with fixed effects that account for continuous changes across countries to
reduce the impact of heterogeneity bias [90,91].

4. Results and Discussion
4.1. Results

The analysis begins with descriptive statistics and the Jarque–Bera (JB) test in Table 3.
The descriptive statistics include mean, maximum, minimum, and standard deviation. The
mean value of environmental sustainability (CO2 emissions) is 2.300, followed by maximum,
minimum and standard deviation of 4.101, 0.414, and 0.729. The transportation index’s
mean, maximum, minimum and standard deviation are −4.43 × 10−9, 2.151. −2.366 and
1.000, respectively. Renewable energy development shows mean, maximum, minimum,
and standard deviation of 0.140, 1.044, 0, and 1.189, respectively. The maximum and
minimum values of nuclear energy development are 0.927 and −3.622, respectively, while
the mean and standard deviation are −1.028 and 0.701. The mean, maximum, minimum
and standard deviation of GDP are 11.588, 13.415, 9.167, and 0.769, respectively. The mean,
maximum, minimum, and standard deviation of inflation are 0.877, 2.962, 0, and 0.311,
respectively. Trade openness presents 1.846, 0.230, 1.296, and 2.309 as the mean, standard
deviation, minimum, and maximum values, respectively. Table 3 presents JB statistics,
making it legitimate to employ MMQR as a benchmark regression. Nonetheless, JB stats
suggest rejecting the null hypothesis and confirm that the dataset follows a non-normal
distribution. Figures 2–4 present grouped mean plots showing the current status, trends,
patterns, and relationships among the variables over the study period for environmental
sustainability (Figure 2) and for renewable and nuclear energy development (Figures 3
and 4), respectively. After that, we performed a correlation analysis. The stated outcomes
in Table 4 indicate that there is no perfect correlation among the variables, allowing us to
proceed with further analysis.

Figure 2. Group mean CO2 emissions per capita from 1995 to 2022 (Author’s computation).
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Figure 3. Group mean RED quad Btu from 1995 to 2022 (Author’s computation).

Figure 4. Group mean NED quad Btu from 1995 to 2022 (Author’s computation).

Table 3. Descriptive statistics.

Variable Obs Mean Std. Dev. Min Max JB-Stats Prob.

ENSUS 728 2.300 0.729 0.414 4.101 3.356 0.187
TINDEX 728 −4.43 × 10−9 1.000 −2.366 2.151 43.49 0.000

RED 728 0.140 0.189 0 1.044 2719 0.000
NED 728 −1.028 0.701 −3.622 0.927 53.27 0.000
GDP 728 11.588 0.769 9.167 13.415 9.369 0.000
INFL 728 0.877 0.311 0 2.962 1266 0.000
TO 728 1.846 0.230 1.296 2.309 15.28 0.000
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Table 4. Correlation analysis and VIF test.

Variables (1) (2) (3) (4) (5) (6) (7) VIF 1/VIF

(1) ENSUS 1.000
(2) TINDEX 0.893 1.000 3.90 0.256

(3) RED 0.693 0.695 1.000 2.67 0.375
(4) NED 0.642 0.682 0.658 1.000 2.90 0.344
(5) GDP 0.824 0.684 0.694 0.708 1.000 3.76 0.266
(6) INFL 0.026 0.062 −0.159 −0.217 −0.304 1.000 1.56 0.641
(7) TO −0.578 −0.444 −0.468 −0.238 −0.415 −0.168 1.000 1.70 0.587

Mean VIF 2.68

Table 4 also reports the VIF estimates, which indicate the potential multicollinearity
among the variables. The transportation index shows the highest VIF score at 3.90, followed
by GDP at 3.76, nuclear energy development at 2.90, renewable energy development at
2.67, trade openness at 1.70, and inflation at 1.56. Nonetheless, the mean VIF score of 2.68 is
well below 10, indicating no multicollinearity in the dataset. The outcomes of the Pesaran
and Friedman tests in Table 5 confirm that all the variables are cross-sectionally dependent.
Table 5 also presents the values of Delta and Adjusted Delta of the slope homogeneity test.
The reported outcomes indicated that the slope was homogeneous across all variables at
the 1% significance level.

Table 5. Cross-sectional dependence test and slope homogeneity test.

Variables
Pesaran Friedman

CD-Stats Prob. CD-Stats Prob.

ENSUS 11.685 *** 0.000 94.112 *** 0.000
TINDEX 11.935 *** 0.000 108.561 *** 0.000

RED 62.332 *** 0.000 459.259 *** 0.000
NED 9.419 *** 0.000 82.719 *** 0.000
GDP 88.464 *** 0.000 621.667 *** 0.000
INFL 24.779 *** 0.000 190.580 *** 0.000
TO 37.793 *** 0.000 288.294 *** 0.000

Slope homogeneity test

Statistics Prob.

Delta 19.873 *** 0.000
Deltaadj 23.515 *** 0.000

Note: *** is for the significance level of 1%.

The outcomes of CIPS and CADF unit root tests are presented in Table 6. The CIPS
estimates indicate that environmental sustainability and trade openness are stationary at
the first difference, whereas all the other variables are stationary at the level. Secondly, the
CADF results conclude that GDP and inflation are stationary at the level, while all the other
variables are stationary at the first difference. These outcomes provide substantial evidence
for the absence of a unit root across the entire dataset. Table 6 further demonstrates the
long-run relationship between environmental sustainability and all the explanatory vari-
ables. Nonetheless, the outcomes of Westerlund (2007) [83] and Westerlund & Edgerton
(2008) [86] tests provide substantial evidence of long-term cointegration among the con-
cerned variables. The outcomes of all pre-estimation tests support the use of MMQR for
the benchmark regression analysis.
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Table 6. Panel unit root and cointegration tests.

Variables

Panel Unit Root Test

CIPS CADF Decision

I(0) I(1) I(0) I(1) CIPS CADF

ENSUS −0.809 −4.869 *** −0.573 −2.642 *** I(1) I(1)
TINDEX −2.150 * −1.960 −3.194 *** I(0) I(1)

RED −2.537 ** −1.925 −2.891 *** I(0) I(1)
NED −2.452 ** −1.673 −3.108 *** I(0) I(1)
GDP −2.699 *** −2.482 ** I(0) I(0)
INFL −3.304 *** −2.585 *** I(0) I(0)
TO −1.885 −4.179 *** −1.990 −2.293 ** I(1) I(1)

Panel cointegration test, Westerlund (2007) [83]

Statistics Gt Ga Pt Pa

Cointegration existValue −3.495 *** −17.178 *** −11.336 −10.584 ***
Z-value −7.233 −4.047 −0.656 −1.392

Prob. 0.000 0.000 0.256 0.000

Panel cointegration test, Westerlund & Edgerton (2008) [86]

Statistics Gt Ga Pt Pa

Cointegration exist
Value −1.774 −7.031 *** −7.290 *** −5.314 ***

Z-value 3.720 3.734 3.980 3.009
Prob. 1.000 0.000 0.000 0.009

Robust Prob. 0.940 0.000 0.000 0.000
Note: *, ** & *** is for the significance level of 10%, 5% and 1%.

Table 7 presents the benchmark regression results for all three models. Model 1 (direct
effect model) examines the influence of transportation index (air and land) on environ-
mental sustainability (CO2 emissions). The MMQR findings show a positive relationship
between transportation and CO2 emissions across the 10th to 90th quantiles at the 1% signif-
icance level. The outcomes categorically show that with every 1% increase in transportation
activities, CO2 emissions will increase by 0.410%, 0.400%, 0.392%, 0.386%, 0.381%, 0.376%,
0.396%, 0.362%, and 0.355% across the 10th to 90th quantiles, respectively. These findings
depict the unfavorable impact of transportation activities on environmental sustainability
in the top 27 polluting countries. Furthermore, across the 10th to 90th quantiles, the control
variables GDP and inflation show positive coefficients, suggesting a positive relationship
with CO2 emissions at the 1% significance level. The control variable trade openness shows
a negative relationship with CO2 emissions across the 10th to 90th quantiles, indicating a
favorable impact on environmental sustainability at a 1% statistical significance level.

Table 7. Benchmark regression.

Method of Movements Quantile Regression (MMQR)

Variables Location Scale
Quantiles

10th 20th 30th 40th 50th 60th 70th 80th 90th

DV: ENSUS Lower Quantiles Middle Quantiles Upper Quantiles

Direct effect
model

TINDEX 0.381 *** −0.017 *** 0.410 *** 0.400 *** 0.392 *** 0.386 *** 0.381 *** 0.376 *** 0.369 *** 0.363 *** 0.355 ***

GDP 0.413 *** 0.025 ** 0.372 *** 0.386 *** 0.397 *** 0.406 *** 0.413 *** 0.421 *** 0.430 *** 0.439 *** 0.451 ***

INFL 0.238 *** −0.046 *** 0.314 *** 0.288 *** 0.267 *** 0.251 *** 0.238 *** 0.223 *** 0.206 *** 0.188 *** 0.167 ***

TO −0.469 *** 0.068 *** −0.581 *** −0.543 *** −0.511 *** −0.488 *** −0.468 *** −0.446 *** −0.422 *** −0.396 *** −0.365 ***
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Table 7. Cont.

Method of Movements Quantile Regression (MMQR)

Variables Location Scale
Quantiles

10th 20th 30th 40th 50th 60th 70th 80th 90th

DV: ENSUS Lower Quantiles Middle Quantiles Upper Quantiles

Combine effect
Model

TINDEX 0.423 *** −0.029 *** 0.473 *** 0.453 *** 0.440 *** 0.432 *** 0.423 *** 0.416 *** 0.404 *** 0.392 *** 0.375 ***

RED −0.186 *** 0.058 −0.286 *** −0.246 *** −0.220 *** −0.203 *** −0.186 *** −0.171 *** −0.147 ** −0.123 * −0.089

NED −0.084 *** 0.012 −0.104 *** −0.096 *** −0.091 *** −0.087 *** −0.084 *** −0.081 *** −0.076 *** −0.072 *** −0.065 ***

GDP 0.458 *** 0.016 0.430 *** 0.441 *** 0.448 *** 0.453 *** 0.458 *** 0.462 *** 0.469 *** 0.476 *** 0.485 ***

INFL 0.205 *** −0.020 0.240 *** 0.226 *** 0.217 *** 0.211 *** 0.205 *** 0.200 *** 0.191 *** 0.183 *** 0.171 ***

TO −0.466 *** 0.103 *** −0.643 *** −0.572 *** −0.526 *** −0.495 *** −0.466 *** −0.440 *** −0.397 *** −0.354 *** −0.294 ***

Moderation
effect model

TINDEX 0.271 *** 0.012 0.251 *** 0.259 *** 0.263 *** 0.266 *** 0.270 *** 0.276 *** 0.280 *** 0.284 *** 0.289 ***

RED −1.624 *** 0.372 *** −2.226 *** −1.997 *** −1.958 *** −1.768 *** −1.645 *** −1.469 *** −1.347 *** −1.232 *** −1.074 ***

NED −0.080 *** 0.012 −1.100 *** −0.093 *** −0.088 *** −0.085 *** −0.081 *** −0.075 *** −0.071 *** −0.067 *** −0.062 **

TINDEX
× RED −0.853 *** −0.245 *** −1.249 *** −1.098 *** −1.007 *** −0.947 *** −0.866 *** −0.750 *** −0.670 *** −0.594 *** −0.490 ***

TINDEX
× NED −0.069 *** 0.024 *** −0.108 *** −0.094 *** −0.085 *** −0.079 *** −0.071 *** −0.059 *** −0.051 *** −0.044 *** −0.034 ***

GDP 0.515 *** 0.020 0.482 *** 0.494 *** 0.502 *** 0.507 *** 0.513 *** 0.523 *** 0.530 *** 0.536 *** 0.545 ***

INFL 0.214 *** −0.010 0.229 *** 0.223 *** 0.220 *** 0.217 *** 0.214 *** 0.210 *** 0.206 *** 0.203 *** 0.199 ***

TO −0.522 *** 0.074 *** −0.641 *** −0.596 *** −0.568 *** −0.550 *** −0.526 *** −0.491 *** −0.467 *** −0.444 *** −0.413 ***

Note: *, ** & *** is for the significance level of 10%, 5% and 1%.

Model 2 (the combined effect model) examines the influence of the transportation
index, renewable energy, and nuclear energy development on environmental sustainability
(CO2 emissions) in the top 27 polluting countries. The MMQR findings found an unfavor-
able influence of transportation on environmental sustainability. Across the 10th to 90th
quantiles, for every 1% increase in transportation activities, CO2 emissions increase by
0.473%, 0.453%, 0.440%, 0.432%, 0.423%, 0.416%, 0.404%, 0.392%, and 0.375%, respectively.
The empirical evidence revealed a negative influence of renewable energy development on
the CO2 emissions, suggesting a favorable impact on environmental sustainability. At a
1% significance level, the coefficient values across the 10th to 60th quantiles are −0.286%,
−0.246%, −0.220%, −0.203%, −0.186%, and −0.171%, respectively. The coefficient for
the 70th quantile is −0.147 at the 5% significance level, while the coefficient for the 80th
quantile is −0.123 at the 10% significance level. Nonetheless, the coefficient value at the
90th quantile is −0.089, which is statistically insignificant. Furthermore, the outcomes
revealed a negative influence of nuclear energy development on CO2 emissions in the
top 27 polluting countries across the 10th to 90th quantiles at the 1% significance level.
This outcome found that nuclear energy development is a crucial driver of environmental
sustainability. More precisely, with every 1% increase in nuclear energy, CO2 emissions
would be reduced by 0.104%, 0.096%, 0.091%, 0.087%, 0.084%, 0.081%, 0.076%, 0.072%,
and 0.065%, respectively. Moreover, the control variables, GDP and Inflation, negatively
influence environmental sustainability, as they are positively associated with CO2 emis-
sions across the 10th to 90th quantiles. The control variable trade openness was found
to be favorable for environmental sustainability, owing to its negative linkage with CO2

emissions across the 10th to 90th quantiles.
Model 3 (moderation effect model) investigates the moderating role of renewable

and nuclear energy development in the relationship between the transportation index and
environmental sustainability (CO2 emissions). The empirical results confirmed that the



Sustainability 2025, 17, 10541 16 of 24

development of renewable and nuclear energy significantly and negatively moderates
the relationship between the transportation index and CO2 emissions. This outcome
implies that the negative influence of transportation on environmental sustainability can
be mitigated with the integration of renewable and nuclear energy in the transportation
sector. The transportation coefficients are 0.251, 0.259, 0.263, 0.266, 0.270, 0.276, 0.280, 0.284,
and 0.289 across the 10th to 90th quantiles, all significant at the 1% level. Renewable energy
development substantially reduces CO2 emissions across the 10th to 90th quantiles at the
1% significance level. The outcomes revealed that for every 1% increase in renewable
energy use, CO2 emissions would be reduced by 2.226%, 1.997%, 1.958%, 1.768%, 1.645%,
1.469%, 1.347%, 1.232%, and 1.074%, respectively. Moreover, developing nuclear energy
could substantially reduce CO2 emissions across the 10th to 80th quantiles at the 1%
significance level and at the 5% significance level in the 90th quantile. Precisely, with every
1% increase in nuclear energy, CO2 emissions will be reduced by 1.100%, 0.093%, 0.088%,
0.081%, 0.075%, 0.071%, 0.067%, and 0.062%. The coefficient values for the interaction
term (transportation*renewable energy) are 1.249, 1.098, 1.007, 1.947, 0.866, 0.750, 0.670,
0.594, and 0.490, all significant at the 1% level across the 10th to 90th quantiles. The
coefficient values for the interaction term (transportation*nuclear energy) are 0.108, 0.094,
0.085, 0.079, 0.071, 0.059, 0.051, 0.044, and 0.034, all significant at the 1% level across the
10th to 90th quantiles. Lastly, the control variables GDP and inflation negatively influence
environmental sustainability due to their positive linkage with CO2 emissions across the
10th to 90th quantiles. The control variable trade openness was found to be favorable for
environmental sustainability, owing to its negative linkage with CO2 emissions across the
10th to 90th quantiles.

4.2. Robustness Test

This research utilized DKse regression to examine the robustness of the benchmark
findings. Table 8 presents the results of all 3 models. In model 1 (direct effect model),
the empirical findings indicate an unfavorable impact of transportation on environmental
sustainability, owing to its positive association with CO2 emissions in the top 27 polluting
countries. The estimates of model 2 (the combined effect model) revealed that transporta-
tion significantly increases CO2 emissions, while renewable and nuclear energy mitigate
CO2 emissions across 27 polluting countries. Following that model, Model 3 (the mod-
eration effect model) revealed that both renewable and nuclear energy can significantly
mitigate the unfavorable impact of transportation on environmental sustainability across
27 polluting countries. Finally, the robustness findings align with MMQR’s benchmark
findings. Nonetheless, the magnitude of the coefficients varies substantially.

Table 8. Robustness test (DKse).

DV:
ENSUS

DKse

Direct Effect Model Combine
Effect Model Moderation Effect Model

Variables Coef.
Std. Err.

Coef.
Std. Err.

Coef.
Std. Err.

TINDEX 0.381 ***
(0.016)

0.423 ***
(0.018)

0.271 ***
(0.043)

RED −0.186 *
(0.096)

−1.624 ***
(0.152)

NED −0.084 ***
(0.023)

−0.080 ***
(0.016)
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Table 8. Cont.

DV:
ENSUS

DKse

Direct Effect Model Combine
Effect Model Moderation Effect Model

Variables Coef.
Std. Err.

Coef.
Std. Err.

Coef.
Std. Err.

TINDEX × RED −0.852 ***
(0.071)

TINDEX × NED −0.069 ***
(0.020)

GDP 0.413 ***
(0.028)

0.458 ***
(0.029)

0.515 ***
(0.032)

INFL 0.238 ***
(0.036)

0.205 ***
(0.035)

0.214 ***
(0.033)

TO −0.469 ***
(0.055)

−0.466 ***
(0.059)

−0.522 ***
(0.068)

_Cons −1.824 ***
(0.416)

−2.385 ***
(0.465)

−2.822 ***
(0.455)

No of Groups. 728 728 728
No of Obs. 26 26 26

R2 0.9153 0.9195 0.9295
Note: *, & *** is for the significance level of 10%, and 1%.

4.3. Discussion

The foremost objective of the study is to examine the impact of the transportation
index on environmental sustainability in the top 27 polluting countries. The main findings
linked transportation with environmental deterioration. The transportation sector plays
a crucial part in economic growth and development. However, the lack of infrastructure
development and the transition to clean energy limit the traditional transportation sector’s
reliance on fossil fuels. Nonetheless, fossil fuel sources produce excessive pollution and
are considered damaging to environmental sustainability. These findings align with our
H1, which states that transportation significantly reduces environmental sustainability.
These outcomes are also supported by several past studies [28,52,57]. From an economic
standpoint, the outcomes highlight a trade-off between growth and the environment.
The transportation sector contributes to economic growth; however, it comes at the cost
of the environment.

Secondly, the findings demonstrate that the development of renewable and nuclear
energy can substantially reduce CO2 emissions, thereby promoting environmental sus-
tainability. Renewable and nuclear energy are crucial to the clean, low-carbon energy mix.
Renewable and nuclear energy can provide a feasible solution to replace conventional
fossil fuels with clean, emission-free energy. Our findings align with prior studies. Lee,
Zhang [59] concluded that using renewable energy can substantially mitigate environ-
mental pollution. Pan, Adebayo [64] found the favorable outcomes of nuclear energy
consumption for environmental sustainability. The justification for these results implies
that renewable and nuclear energy can produce pollution-free energy, thereby decoupling
energy consumption from ecological degradation. The environmental ramifications of these
outcomes are far-reaching: by increasing renewable and nuclear capabilities, countries can
decouple economic prosperity from carbon crises and advance sustainable growth paths
aligned with SDG 13. The economic benefit of these sustainable energy alternatives is that
they drive investment in eco-innovation, green jobs, and energy-efficient technologies that
can help transition to a low-carbon economy.
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Thirdly, the empirical estimates revealed that the development of renewable and
nuclear energy can significantly mitigate the adverse impact of transportation on environ-
mental sustainability. These findings highlight the importance of integrating and replacing
fossil fuels with clean energy in transportation. Renewable and nuclear energy sources are
environmentally friendly and offer the highest efficiency for carbon-free energy production.
Incorporating these into the energy portfolio of the transportation sector can facilitate the
sustainable energy transition in the transportation sector. This would have multifield-fold
advantages for all the stakeholders. On the one hand, it can fulfil the energy needs of
the transportation sector, which is substantially essential for socio-economic development.
On the other hand, this strategy would help to reduce ecological stress by reducing CO2

emissions. These findings are consistent with H2 and H3 of the study. Moreover, these
outcomes are supported by Naseem, Kashif [31], who noted renewable energy as a crucial
factor in reducing CO2 emissions in the transportation sector. Rehman, Islam [60] found
that green transportation is vital for reducing environmental contamination. Karakosta,
Pappas [18] expressed that renewable energy and nuclear energy development can pro-
mote economic growth without contaminating the environment. More precisely, from the
transportation sector, Dai, Alvarado [23] stated that renewable energy consumption in the
transportation sector could be a crucial gateway to reducing transport-based CO2 emis-
sions. Hori [67] and Wang, Zhang [27] heightened the significance of incorporating nuclear
energy in the transportation sector to mitigate environmental contamination risks. These
conclusions have environmental implications: integrating renewable and nuclear energy
into the transportation sector’s energy mix will drive a clean energy transition, helping
mitigate environmental crises. From the economic standpoint, the clean energy transition
in the transportation sector will help boost energy resilience and green innovation, thereby
facilitating sustainable economic development.

5. Conclusions, Policy Implications, and Limitations
5.1. Conclusions

Global warming is a major worldwide problem, with growing environmental dangers
placing pressure on individuals, institutions, and think tanks. The excessive production
of environmental pollutants from fossil-fuel-dependent transportation sources has under-
scored the need for environmentally friendly, clean energy solutions, in line with the United
Nations’ SDG 7. Renewable and nuclear energy development has attracted considerable
attention in the transportation sector due to their ability to produce clean, carbon-free
energy. Nonetheless, prior studies have extensively investigated the direct impacts of
transportation, renewable, and nuclear energy on environmental sustainability. Despite
the growing theoretical importance, prior studies failed to examine how renewable and
nuclear energy influence the relationship between transportation and environmental sus-
tainability. As a result, this study bridges the literature gap by investigating the moderating
role of renewable and nuclear energy development in the link between transportation
and environmental sustainability, focusing on the top 27 polluting countries from 1995 to
2022. The MMQR outcomes are threefold. First, the transportation sector exerts pressure
on the environment by significantly increasing atmospheric CO2 concentrations. Second,
the development of clean energy sources, such as renewable and nuclear energy, helps
lower CO2 emissions and promotes environmental sustainability. Third, renewable and
nuclear energy significantly and negatively moderate the relationship, mitigating the nega-
tive influence of transportation on environmental sustainability. These outcomes indicate
that renewable and nuclear energy are a viable and crucial addition to the transportation
sector’s energy mix for the transition towards a sustainable transportation system. Fourth,
the control variables—GDP and inflation—are found to be detrimental to environmental
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sustainability, whereas trade openness enhances it. The robustness findings using DKse
yielded complementary results. Nonetheless, the magnitude of the coefficients varies
substantially. Figure 5 summarizes the key outcomes.

Figure 5. Summary of main findings.

5.2. Prudential Policy Implications

Based on the above outcomes, this study provides vital policy recommendations
to support the transportation sector’s sustainable transition and reduce environmental
stress. First, the transportation sector is one of the major polluting sectors worldwide.
The government authorities and think tanks should impose penalties and carbon taxes
on heavy-polluting vehicles. In parallel, they should provide incentives and subsidies to
encourage the adoption of emission-free energy sources, including renewable and nuclear,
in the transportation sector. Second, develop national-level strategies to reduce CO2 emis-
sions from the transportation sector. The government and think tanks can set quotas for
the use of specific non-fossil fuel energy sources, such as renewable and nuclear, in the
transportation sector. The government should also encourage public–private partnerships
in the transportation sector to bridge the conventional transportation system with sustain-
able practices. Third, considering the moderating role of renewable and nuclear energy,
the top polluting countries should encourage clean technology transition through joint
investments and knowledge sharing. Regarding SDG 13, the top polluting countries can
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leverage SDG partnerships and COP climate submissions to highlight the commendable
role of renewable and nuclear energy in decarbonizing the transportation sector.

5.3. Limitations and Future Research Directions

Despite pragmatic recommendations for promoting environmental sustainability, this
study has multiple shortcomings that future empirical research could address. First, it is
crucial to note that our findings are based on a sample of 27 countries, which may limit the
extent to which the conclusions can be applied to scenarios in other countries. However,
by splitting the sample into advanced and developing economies, future empirics might
examine established linkages, including regional dynamics. Second, our analysis examined
the moderating roles of renewable and nuclear energy in transportation and environmental
sustainability, providing valuable insights. However, renewable and nuclear energy differ
substantially in terms of cost, safety concerns, and public acceptance. Therefore, we
recommend that future research conduct a comparative sustainability analysis of renewable
and nuclear energy in the transport sector. Finally, the effect of the COVID-19 pandemic on
the advancement of environmental sustainability has been overlooked in this study. This
limitation can be considered as a potential avenue for further research.
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