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Abstract

:

The G-7 economies comprise a few of the global, mainly economically developed countries. On the other hand, in conjunction with these high economic development performances, the ecological behaviors in G-7 anions have concurrently provoked to elevate deep apprehensions among the stakeholders. Therefore, the present research aims to empirically investigate the environmental influences of nuclear energy, industrialization, fossil fuel energy, and foreign direct investment (FDI) in the G-7 nations between 1991 and 2018. After checking the cross-sectional dependency, this study employed the first-generation ((full modified ordinary least square (FMOLS), dynamic ordinary least square (DOLS)) and second-generation (Driscoll and Kraay (D-K), feasible generalized least square (FGLS)) approaches for robust and reliable findings. The findings explore that nuclear energy production is ineffective in curbing the figure of ecological footprints in the long-run. Moreover, the industrialization process and fossil fuel energy consumption reduce environmental quality in the G-7 economies. More to the point, the empirical findings recommend that these nations can renovate their industrial production procedures in an eco-friendly behavior they can experience an unsoiled deployment of the energy transition. Similarly, the FDI also degrades environmental eminence in the long-run. This validates the pollution haven hypothesis in the G-7 countries. Based on these results, this study suggests the G-7 nations should reduce the production of nuclear energy levels, the transition from fossil fuels to renewable energy production in the industrial sector, reduce fossil fuel-based foreign investment, and assimilate ecological welfare strategies within their development planning.
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1. Introduction


One of humanity’s biggest problems today is anthropogenic carbon dioxide (CO2) emissions. Environmental pollution, ecological disruptions, global warming, and climate change are all results of human activities that emit CO2. Most nations have recognized the detrimental effects of increasing atmospheric CO2 levels and are taking action to prepare for dangers and extreme weather-related climate change [1]. More than 60% of the world’s net wealth and approximately 50% of its GDP are held by G-7 nations: the United Kingdom, France, The United States, Canada, Italy, Japan, and Germany [2]. This wealth could be traced to the rise in industrialization and technological advancement. Industrialization is crucial for sustained growth in any economy. These require enormous energy use, which without exception facilitates pollutant emission, igniting some policy concerns about the environment and economy [3]. Within the last two decades, countries worldwide, predominantly industrialized, have made specific advancements in technology, innovations, human capital development, and productive sectors to attain sustainable economic growth. However, the emergence of industrialization, technological progress, and economic growth has posed severe concerns to the world, leading to climate change and global warming [4,5]. Furthermore, nuclear energy consumption is generally considered another type of non-renewable energy source. Even though nuclear power itself is an imperative source of alternative and renewable energy; however, the materials utilized in nuclear power plants are non-renewable energy based. This energy is unconfined in the course of nuclear fission; somewhere in the procedure, the atom splits the nucleus. In this regard, the substance frequently utilized in nuclear energy plants is the constituent of uranium. As such, uranium is observed as a non-renewable source. Besides, nuclear energy plants have various other influences on the atmosphere, with the exception of the waste they generate. Uranium mining is not absolute in an eco-friendly and carbon-free process, and it further unfastens pits enduring after mining, which is unsafe and hazardous for everyone. Consequently, this procedure leads to pollution in close proximity to water sources, erosion, affecting crops and plants; furthermore, it harshly distresses miners and their common physical condition owing to the increased exposure to radiation at some point in processing and extraction.



Industrialization, globalization, and economic development are the resultant effects of rising pollutant emission levels, such as CO2 and greenhouse gas (GHG) emissions, amongst others within the atmosphere [6]. While considering the growth of industries, especially among the top ten industrialized countries with their level of technology innovation, the energy sources used for the industrial process are regarded as severe policy issues for pollutant emission [7]. Adedoyin et al. [8] and Acheampong [9] identified climate change and global warming as the “two evils” that have threatened the existence and survival of humans in recent times. However, the primary source of climate change and global warming has been linked to pollutant emissions, raising international concerns about reducing pollution emissions through programs and policies [10]. Acheampong [9] opines that over 5% of the GDP’s global contribution is a pollutant emission effect. If no action is taken, it will climb to 20% of global GDP, causing further environmental damage.



The rising use of fossil fuel energy resources as essential inputs necessary for extending the size of production of products and services for both domestic and international markets can be linked to their contribution to carbon emissions [11]. The choice that puts the majority of policymakers in a quandary is around the trade-off between economic growth and a sustainable environment [12]. These have led to a paradigm shift from fossil fuel to renewable sources as a pollution-reducing and environmentally benign option [13]. Renewable energy adoption amongst G-7 countries will cause negligible environmental deterioration and is the most effective way to counteract global warming [14]. One of the energy sources that stand out in this context is nuclear energy, whose role in preserving the environment’s quality has not been shown. There has been discussion of the benefits and setbacks of using nuclear energy. According to proponents, nuclear energy can be used to lessen reliance on foreign energy sources. Recent studies have shown that nuclear energy is less detrimental to carbon emissions than fossil fuel sources. In the first stand, some studies have agreed that nuclear energy plays a significant role in pollution minimization compared to renewable energy [15,16]. In the second research stand, some scholars have claimed that nuclear energy use is deteriorating the environment [17].



Foreign direct investment significantly impacts the growth of developed economies, such as the G7, much as increased industrialization. Given its favorable effects on the provision of financial resources, technology spillovers, the development of human capital, research and development, international trade integration, market expansion, and economies of scale, among other things, FDI has been considered a key driver of economic growth among others [18]. The pollution haven and halo hypothesis can be considered after recognizing foreign direct investment as a driving force for environmental damage. According to the pollution haven hypothesis, foreign nations may benefit from the severity of environmental rules and regulations in host nations by shifting heavy (dirty) industries to these nations through foreign direct investment, enhancing environmental contamination [4]. On the other hand, the pollution halo hypothesis claims that the production structure of these international firms is generally based on eco-friendly technologies [19,20]. Figure 1 displays the typical inverted U-shaped association between FDI and environmental contamination, reflecting pollution halo and haven hypotheses.



The ecological footprint measures anthropogenic actions on the ocean, crop land, carbon footprint, grazing land, forest products, and built-up land, calculated in hectares of land worldwide (gha). The ecological footprint has been used in recent studies to gauge the impact of human activity on the environment. Over time, linking fossil fuel energy and ecological footprints have generated enormous debates [22,23,24]. Where several productive activities in the economy bring economic growth as industrialization and foreign investment, which encourages fossil fuel extraction and its consumption and further worsens the environment by increasing its ecological footprint [25].



This study investigates the role of industrialization, foreign direct investment, nuclear energy and fossil fuel in the G-7 countries. Four reasons motivated the choice of the G-7 countries. First, in terms of the economy, the G-7 accounts for approximately 57% of the world’s gross domestic product (GDP) [26]. Second, the G-7 countries’ overall energy usage accounts for almost 42% of global energy consumption. Third, the Group of Seven has committed to supporting environmentally friendly technology and lowering waste created during the past 20 years through its annual conference [27]. As a result, the G-7 countries have recorded a sizeable portion of global investments in research and development (R & D) and industrialization [28]. Fourth, despite the progress toward achieving a green economy, the G-7 countries continue to face grave dangers from environmental pollution [13].



This study represents the first attempt to determine the causal relationship between these variables because there has not been a thorough investigation of the subject that adequately handles entire G-7 nations, while considering other variables, such as industrialization, fossil fuel, nuclear energy, and foreign direct investment, and ecological footprint. The G-7 nations have long been attempting to address the problem of climate change and environmental contamination over the last couple of decades to upsurge their trade volume and sustainable economic growth. Furthermore, the impact of foreign direct investment (FDI) on environmental contamination is also scrutinized; thus, the validity of the pollution haven/halo hypothesis is also estimated. Moreover, complementary estimates from the fully modified ordinary least square (FMOLS), dynamic ordinary least square (DOLS), the Driscoll–Kraay method and feasible generalized least square (FGLS) approaches.



Hereafter, the other sections of this paper are organized into four sections in the following order: the literature review is presented in Section 2, the data information and methodology specification are systematized in Section 3, and Section 4 presents the preliminary analysis, main results, and explanations. Furthermore, Section 5 discusses the empirical finding of this paper and, finally, Section 6 explores the conclusions.




2. Literature Review


The first strand reviews the existing published literature on the nexus between nuclear energy and the environment and has two different arguments. Some scholars have agreed that nuclear energy can help to mitigate environmental damages [15,29,30,31,32]. In the second strand of existing literature, nuclear energy use deteriorates the environment quality evidenced by [17,33]. Some scholars argue that nuclear energy use does not influence the environment [34,35,36]. Meanwhile, industrialization is an extensively used indicator of environmental contamination. Several authors argued that industrialization contributes to pollution [4,37,38]. Several recent studies have scrutinized the association between renewable and nonrenewable energy use and environmental contamination. Many researchers argue that renewable energy mitigates environmental contamination, whereas nonrenewable energy boosts environmental pollution [4,39,40]. Additional, FDI is another vital variable affecting environmental contamination. Nevertheless, the influence of FDI on environmental contamination varies. Some scholars observed that the association between FDI and environmental dilapidation is positive, thus supporting the pollution haven hypothesis [40,41,42]. On the other side, some other researchers found that FDI adversely affects environmental dilapidation because FDI brings in advanced and eco-friendly technology. Based on the Table.1, we are developing the following hypothesis.



The study provides an inclusive review of a list of existing studies, such as the nexus between nuclear energy and the environment, the nexus between industrialization and environment, and the nexus between fossil fuel energy utilization and the environment and nexus between foreign direct investment and environment (as shown in Table 1). Still, none of them have explored industrialization, fossil fuel, nuclear energy, foreign direct investment, and ecological footprint in the pollution haven hypothesis framework, especially in the context of G-7 nations. Hence, the primary purpose of our paper is to curtail the research gap in the extant literature.




3. Data and Methodological Framework


3.1. Data and Descriptive Statistics


In order to explore the long-run influence of nuclear energy production (NEP), industrialization process (IND), fossil fuel energy (FFE), and foreign direct investment (FDI) on the ecological footprint (EFP), the authors use the balanced longitudinal data of the Group of Seven (G-7) nations (e.g., Germany, United States, Italy, France, the United Kingdom, Canada, and Japan) from 1991 to 2018. The authors excluded Italy due to the unavailability of the nuclear energy generation data. The ecological footprint data is measured as global hectares acre per person (Gha per person) gathered from the global footprint network Global Footprint Network (GFPN) [60]. The measurement unit of nuclear energy is terawatt hour (TWh), extracted from British Petroleum (BP) [61]. Industrialization data is taken in the form of industry (including construction), value added (% of GDP), fossil fuel energy indicator is taken as (% of total), and FDI data is measured in the form of FDI net inflows (BoP, current US$). IND, FFE, and FDI data are taken from the World Development Indicator (WDI) [62]. The G-7 nations accounted for approximately 25% of global carbon emissions in 2019 and, to some extent, reduced to 23.2% in 2020 [63]. Consequently, enclosing environmental variations is of greatest significance to their proposals. The explained variable in the current research is EFP; the regressors are NEP, IND, FFE, and FDI. The econometric function of this study is reported in Equation (1) as:


    EFP   it   =    f      NEP   it   ,      IND    it   ,      FFE    it   ,      FDI    it      



(1)







However, to acquire a further precise evaluation, all variables are transformed into natural logarithms form. The empirical EFP function is expressed in Equation (2) as:


  ln (   EFP   it   ) =  δ 0  +  δ 1  ln     NEP   it     +  δ 2  ln     IND   it     +  δ 3  ln     FFE   it     +  δ 4  ln     FDI   it     +  μ  it    



(2)







In Equation (2), after natural logarithmic transformation, the ecological footprint, nuclear energy production, industrialization, fossil fuel energy, and foreign direct investment indicate the LEFP, LNEP, LIND, LFFE, and LFDI, respectively. The term    δ 0      shows the constant term. The terms    δ 1  –  δ 4    show the coefficients for elasticity to be anticipated in the model, μ shows the error terms, i shows the cross-sections (countries), and t denotes the time period. Figure 2 represents the geographical coverage of G-7 nations.



The descriptive statistics for the selected series are provided in Table 2. Based on the descriptive information statistics, the FDI has the uppermost average value (24.19275), followed by all other variables, while the EFP has the lowest average value (1.832627). The EFP has the lowest median value (1.719978), and the highest median value is related to FDI (24.37685). Furthermore, FDI is vastly volatile, whereas FFE is the slightest volatile. Moreover, all the variables are negatively skewed except EFP. Figure 3 explores the box chart graphical presentation of the selected five variables, and Figure 4 explores the trend analysis of each variable over the selected period from 1991 to 2018.



Table 3 illustrates the correlation analysis of all the selected series that explores the level of ecological footprint positively correlates with all the selected variables LNEP, LIND, LFFE, and LFDI. Moreover, LNEP is adversely interrelated with LIND and LFFE, while positively correlated with LFDI. Furthermore, the LIND series is positively correlated with LFFE and adversely correlated with LFDI. Lastly, LFFE is positively correlated with the LFDI indicator.




3.2. Methodological Framework


3.2.1. Cross-Sectional Dependence Tests


The cross-sectional dependency (CSD) is publicized as confronted in the analysis of panel data assessment. The CSD occurrence in the data might be the boulevard for incompetence and contradiction in investigated coefficient/elasticity. Therefore, such problems may occur owing to different factors, such as standard shocks, latent country-specific indicators, and spatial effects. Therefore, checking the possible CSD amongst the time series is vital because it assists in surmounting contradictory findings and business [45]. For that reason, in the present study, the authors applied the Breusch–Pagan LM, Pesaran scaled LM, bias-corrected scaled LM, and Pesaran CSD tests to detect CSD.




3.2.2. Panel Unit Root Tests


After that, an econometric process is applied to check the panel series’ unit root issue. Specific to the deep-seated interdependence of all economies due to economic, political, and social globalization, first-generation stationary tests are worthless as there are no deliberations for CSD influences, slope heterogeneity, lack of size properties, and over-reject the H0. Such issues are tackled by employing second-generation stationary approaches, for instance, the Cross-sectional Im, Pesaran and Shin (CIPS), and Cross-sectional Augmented Dickey-Fuller (CADF), established by [64]. In Equation (3), the CADF test statistic is expressed as:


  Δ  X  i t   =  β i  +  π i   x  i , t − 1   +  λ i    x ¯   t − 1   +  δ i  Δ   x ¯  t  +  ε  i t    



(3)







Incorporating the one lag value (t − 1) in the findings of Equation (3), Equation (4) is denoted as:


  Δ  X  i t   =  β i  +  π i   x  i , t − 1   +  λ i    x ¯   t − 1   +   ∑   j = 0  p   δ  i j   Δ   x ¯   t − j   +   ∑   j = 1  p   Φ  i j   Δ  x  i , t − j   +  ε  i t      



(4)




where     Δ  x  i , t − j       denote the difference of the average value of the lag level of cross-section i. Furthermore, the CIPS test is reported in Equation (5) as:


  C I P S =  N  − 1     ∑   i = 1  N   π i    N , T      



(5)




where the term,    π i    N , T     denotes the CADF test, which might be reinstated by the term explored in Equation (6) as:


  C I P S =  N  − 1     ∑   i = 1  N  C A D  F i   



(6)








3.2.3. Panel Cointegration Test


After verifying all selected series’ trend components and integration order, we continued our empirical analysis by detecting the long-run linkages between the selected variables. The recognition of the panel’s long-run association develops among policymakers and scholars owing to its high power. Moreover, the panel cointegration analysis is essential to scrutinize the bidirectional long-run association between non-stationary series [43]. To do this, we applied two-panel cointegration methods from Pedroni and Kao cointegration tests developed by Pedroni [65] and Kao, [66], respectively. Pedroni cointegration test conceded eleven test statistics that tolerate the coefficients of heterogeneous intercepts and trends across all individuals. The functional form of the Pedroni cointegration test is expressed in Equation (7) as:


   y  i t   =  θ i  +  β i  m +  δ  1 i    z  1 i , t   +  δ  2 i    z  2 i , t   +  δ  3 i    z  3 i , t   … … … … … +  δ  q i    z  q i , t   +  μ  i , t    



(7)




where    θ i    denotes the intercept term, which can fluctuate across cross-sections, m shows the time dimension, and the slope parameters are denoted by      δ  1 i   , … … … ,    δ  q i    . The estimated error term    μ  i , t     should be stationary at the first-order integration for H0 of no cointegration process. To explore and check whether the error term is stationary at I(1), it is imperative to estimate the subsequent ordinary regression for all individual i:


   μ  i , t   =  π i   μ  i , t − 1   +  μ  i , t    



(8)







Or


   μ  i , t   =  π i   μ  i , t − 1   +   ∑   j = 1    π i     λ  i , j   Δ  μ  i , t − j   +  ε  i , t    



(9)







Pedroni cointegration test considers two kinds of H1: the heterogeneous alternative hypothesis (group statistics tests or between-dimension) and the homogeneous alternative hypothesis (panel statistics test or within-dimension). In summary, all the Pedroni cointegration test statistics are constructed from the estimated error term. Though, only one test of long-run relationship may not present an accurate picture of reality and also not provide the full information about long-run cointegration association among the variables. In order to overcome this issue, this study applied another cointegration test named as Kao test developed by Kao [66]. This test is also a residual-based    μ  i , t     test. In order to estimate these residuals, the Kao cointegration test adjusts the Augmented Dickey-Fuller (ADF) test in the panel version. Both (Pedroni and Kao) cointegration tests consider the null hypothesis of no long-run cointegration relationship between analyzed time series. In the case of bivariate relationships, the Kao cointegration test expressed the method as follows:


   X  i , t   =  Ψ i  + θ  Z  i , t   +  ε  i , t   ,   i = 1 ,   2 ,   3 , … … … … ,   N ; a n d   t = 1 ,   2 ,   3 , … … … … ,   T    



(10)






   X  i , t   =  X  i , t − 1   +  ν  i , t    



(11)






   Z  i , t   =  Z  i , t − 1   +  μ  i , t      



(12)




where      Ψ i      denotes the fixed effect that fluctuates between the individuals, the slope coefficient is represented by     Ψ  ,    X  i , t   ,     and      Z  i , t       are self-sufficient random strides across all cross-sections. With H0 of no long-run cointegration; as a result, the ADF test statistic is expressed as follows:


  A D F =    t  A D F   +   6 N   σ ^  ν    / 2   σ ^   0 ν         σ ^   0 ν  2  /   2   σ ^  ν 2    + 3     σ ^  r   ν 2    / 10     σ ^   0 ν  2         



(13)




where tADF is asymptotically normally distributed with zero mean and constant variance (N~(0,1)) specified by the sequential limit theorem.



The major issue of the Pedroni and Kao cointegration test is that it does not address the cross-sectional issue in the data. This study applies the Westerlund [67] long-run cointegration approach to tackle this issue. This test employs two different test statistics to discover the H1 of the existence of long-run cointegration for the whole group (Gt and Ga) and panel (Pt and Pa) statistics. The Westerlund test ignores the ordinary factor constraint problem. It is deliberated to verify the H0 of no long-run cointegration by assuming whether the error correction term (ECT) in a restricted error correction model is almost equal to zero. The following Equation (14) shows the general cointegration expression, which can be listed as follows:


     Δ Z    i , t   = φ  ′ i   d t  +  ϕ i     Z  i , t − 1   −    λ ′   i   X  i , t − 1     +   ∑   j = 1   qi    π  i , j      Δ Z    i , t − j   +   ∑   j = 0  q   η  i , j      Δ X    i , t − j   +  ε  i , t    



(14)




where    ϕ i    denotes the error correction coefficient term (ECT) for each cross-section.


   G τ  =  1 N    ∑   i = 1  N     λ i    S . E .       λ ^  i         



(15)






   G a  =  1 N    ∑   i = 1  N       T λ   i    λ  ′ i   1       



(16)







The    P τ       and   P   a    test statistics are applied to examine whether both long-run cointegration relationship prevails in the whole panel, and the mathematical expression can be reported in Equations (17) and (18) as follows:


   P τ  =     λ ^  i    S . E .       λ ^  i       



(17)






   P a  =  T    λ ^    



(18)








3.2.4. Panel Long-Run Estimates


Further, the current research evaluated the long-run association. In this regard, the authors applied the Driscoll–Kraay standard error approach developed Driscoll–Kraay [68]. This approach is a non-parametric technique for investigating the link among the panel data. Driscoll–Kraay’s method provides a consistent, efficient, and accurate finding that stumbles upon CSD problems [68]. The residuals and mean values are first inspected to check the impact of candidate regressors on EFP. Afterward, the weighted heteroskedasticity and autocorrelation consistent estimator were analyzed, producing standard errors alongside the CSD problem [69]. Consequently, the Driscoll–Kraay standard errors linear model is denoted as:


   Y  i , t   =  X  i , t  ′  λ +  μ  i , t      for   all          i = 1 , 2 , 3 , … … … N       t = 1 , 2 , 3 , … … … T        



(19)




where t and i show the time-series and cross-sectional units.



This study uses the feasible generalized least squares (FGLS) test to check the robustness of the Driscoll–Kraay method findings. This is owing to the FGLS test’s present long-run elasticity that tackles the problem of CSD [49]. Moreover, this approach performs superior findings when the number of cross-sections is lesser than the time periods (N < T). The FGLS estimator is reported in Equations (20) and (21) as:


   Ψ ^  =      Z ′    δ ^   − 1   Z     − 1    Z ′    δ ^   − 1   M  



(20)






  v a r   Ψ ^   =      Z ′    δ ^   − 1   Z     − 1    



(21)




where,      δ ^      holds the robustness about possible CSD, heteroscedasticity, and serial correlation.



Finally, we used the fully modified ordinary least square (FMOLS) and dynamic ordinary least square procedure for robustness analysis. Pedroni [70] introduced these techniques to solve the endogeneity, heteroscedasticity, and serial correlation. Both FMOLS and DOLS model apply to this study because it is robust and assist in deriving consistent, unbiased, and accurate estimates. The mathematical form of the FMOLS approach is presented in Equation (22) following the study of Pedroni [64]:


    β ^   F M O L S  *  =  1 N    ∑   i = 1  N    β ^   F M O L S , i  *   



(22)




where the term     β ^   F M O L S , i  *    shows the FMOLS estimators, and the FMOLS estimator t-statistic is shown in Equation (23) as:


   t    β ^   F M O L S     =  N  − 1 / 2     ∑   n = 1  N   t   β  F M O L S , n      



(23)




where    t    β ^   F M O L S       denotes the t-statistic of the FMOLS estimator.



Furthermore, the DOLS is preferable to the FMOLS method by utilizing the Monte Carlo simulation. The DOLS method can be written in Equation (24) as:


   y  it   = β +    λ X    it     ∑   j = −  N i     N 2     Z  ij      Δ X    it + j   +  μ  it    



(24)




where λ indicates the distribution of the maximum lag length of the OLS estimator.




3.2.5. Panel Causality Test


It is significant to recognize that the flow of causality links from one variable to another when a long-run association prevails between the variables. Depending on possible CSD among variables, the authors employed the Dumitrescu and Hurlin (D–H) non-causality approach developed by Dumitrescu and Hurlin [71]. This approach relies on Wald statistics that assume the nonexistence of causal association among variables. The Dumitrescu and Hurlin test also incorporates the average value of the Wald test statistic of non-causality across G-7 economies. The functional appearance of this D–H causality test is reported in Equation (25) as:


   Y  i t   =  θ i  +   ∑   j = 1  J   π i j   Y  i   t − j     +   ∑   j = 1  J   δ i j   x  i   t − j     +  µ  i t    



(25)




where X and Y show the variables and terms    δ i j  ,   and    π i j      show regression coefficients and the auto-regressive (AR) coefficient parameters, respectively. The H0 of this test is tested in the course of the Wald     (  W  N . T   H N C   )   approach as explored in Equation (26):


   W  N . T   H N C   =  N  − 1     ∑   i = 1  N   W  i , T    



(26)




where H0 and the H1 hypotheses are expressed in Equations (27) and (28) as:


   H 0  :  θ i  = 0   f o r   ∀   i    



(27)






   H 1  :        θ i  ≠   0   f o r   a l l   i =      N   1  + 1 ,   2 , 3 , . … . … N    θ i  = 0   f o r   a l l   i = 1 ,   2 ,   3 ,   … … … … … ,      N   1       



(28)










4. Results and Discussion


4.1. Cross-Sectional Dependence Findings


The present research initiates the empirical analysis by checking the panel’s cross-sectional dependency; the findings are reported in Table 4. In the globalized era, economies are interlinked through trade agreements, financial integration, and sharing boarder. These nations generate economic, social, and financial dependence of nations with each other. As a result, this pushes us to scrutinize the possible CSD in the selected data. The authors can observe that all the candidate series (LEFP, LNEP, LIND, LFFE, and LFDI) are significant at a 1% level, indicating the occurrence of CSD in the data. Consequently, the authors reject the H0 and accept the H1. All CSD tests evidence denotes that the panel investigated is significantly cross-sectionally dependent, and these findings establish the accurateness of the empirical analysis applied in this study.




4.2. Panel Unit Root Findings


This study applies the different panel stationary (first and second-generation) tests to avoid generating biased and spurious regressions. The findings of panel root tests (CADF, CIPS, and IPS) are expressed in Table 5. The conventional IPS test is a first-generation unit root test that does not allow the CSD. The first and second-generation unit root tests are applied because the last column of Table 1 (Pesaran CD) shows the cross-sectional independence in FFE and FDI variables. However, the CADF and CIPS unit root test is appropriate in contrast to conventional unit root approaches because it tackles the cross-sectional dependence and slope heterogeneity between the variables. In this pursuit, Table 5 verified the no unit root of the series at their integration order or first difference, and none of the single variables is stationary at their second difference.




4.3. Panel Cointegration Findings


A panel long-run cointegration test is accomplished for the first integration process of the series by applying the Pedroni cointegration test. Pedroni’s long-run cointegration test determines whether there is a presence of long-run cointegration association or not between these selected variables since they are stationary at levels. Table 6 reveals the outcomes of the Pedroni cointegration test. The finding of this test rejects the null hypothesis of no long-run cointegration significant at a 1% level due to four tests of within-dimension (Panel PP, Panel ADF, Weighted panel PP, and Weighted panel ADF statistics) and two statistics from between-dimensions (i.e., Grouped PP and Grouped ADF statistics) hold them accepting of the alternative hypothesis of cointegration. Therefore, six out of eleven test statistics explored that the series contained a long-run association among the variables.



The second strand of Table 6 explores the findings of the Kao cointegration test for the G-7 panel. This test also confirms that there is a presence of long-run cointegration between the variables significant at a 1% level in BRICS countries.



The Pedroni and Kao tests are inappropriate for several critical matters, for instance, serial correlation, heteroscedasticity, systemic disruptions, and CSD of the economies, whereas Westerlund [67] is a superior approach to cointegration as all of such issues are resolved. The third strand of Table 6 explores the findings of the Westerlund cointegration test for the G-7 panel. Westerlund [67] introduced the cointegration test that covers the aforesaid issues. The results of the Westerlund test confirm the cointegration association among the selected series because the probability values of all test statistics (e.g., Gτ, Ga, Pa) cointegration tests are below the 5% significance level. This verifies to reject the null hypothesis and accept the alternative hypothesis. The findings of all tests explore that LEFP, LNEP, LIND, LFFE, and LFDI are strongly cointegrated.




4.4. Panel Long-Run Elasticity Estimates


In Table 6, the influence of nuclear energy, industrialization, fossil fuel energy, and FDI on ecological footprint has been explored employing D-K, FGLS, FMOLS, and DOLS findings. The outcomes reveal that the approximate four robust models’ statistical significance is quite analogous.



The empirical findings explore that all the candidate regressors are statistically significant and positively impact the figures of ecological footprints in all four specified models at a 1% significance level. All four applied models directly link nuclear energy production with an environmental footprint. More exclusively, for each percent increase in nuclear energy, the environmental footprint is boosted by 0.1109% in D-K, 0.0452% in FGLS, 0.0891% in FMOLS, and 0.0746% in DOLS estimator. This finding is analogous to other earlier literature, such as Ishida [72] for Japan, Sarkodie and Adams [17] for South Africa, Jaforullah and King [73] for the USA, and Mehmood et al. [46] for Pakistan. This positive relationship shows that nuclear energy production reduces the environmental quality in the case of the G-7 countries panel. The reason behind the positive effect of nuclear energy on ecological footprint is that due to technical lack of skill, ability, and various other limitations by the worldwide community, G-7 nations heavily depend on indigenous resources to manage and control nuclear power plants. This concern is more radioactive and harmful environmental toxic waste, which has more irreparable serious influences on the environment and human beings as well [36,46]. Emissions from nuclear power sources can be linked with the emanation of nuclear waste management and radioactive substances (disposal and handling). It comes into view that the influence of nuclear energy deployment on ecological footprint is inferior compared to distinctive nonrenewable energy-based technologies, such as coal, gas, and oil [17,74]. The main ecological concern connected to nuclear energy is the creation of radioactive wastes for instance exhausted (consumed) reactor fuel/energy, uranium mill tailings, and several other radioactive wastes. Such resources/materials are capable to remain dangerous and radioactive to human wellbeing and health for many years. Radioactive wastes and uranium mill tailings are caused to experience special rules and regulations that direct their handling, storage, transportation, and discarding to protect human wellbeing, health, and the environment. Furthermore, it is hypothetical to have processing arrangements and particular infrastructure to tackle nuclear toxic desecrate. The internationally established standards and practices organize this toxic waste for a long-run foundation in dehydrated storage amenities. In storage amenities, nuclear power waste is stored in reinforced cemented concrete and compressed steel serene drums underneath the earth’s surface.



The econometric results also demonstrate industrialization’s positive effect on the long-run ecological footprint. If industrialization development increases by 1%, the ecological footprint will also be boosted by 0.3351% in D-K, 0.2824% in FGLS, 0.2114% in FMOLS, and 0.3538% in DOLS estimator, respectively. For this reason, the industrialization process of G-7 countries reduces the environmental quality by increasing environmental pollution. The empirical outcomes show the significant and positive connection between industrialization and ecological footprint in G-7 economies. It was recommended that G-7 economies decrease the figure of ecological footprint by tackling the elucidation of industrial/manufacturing toxic waste. This will produce the operational costs for the G-7 consortia and raise long-term sustainable economic development. In addition, Usman and Balsalobre-Lorente [4] found that swift enhancement in economic and industrialization growth are two major factors for worsening ecological excellence. In the intervening time, the G-7 economies will transfer numerous contaminated industries to a foreign country, enhancing the environmental pollution levels among the host economies [4,50,51]. In addition, industrialization growth will depreciate the environmental eminence because, during output procedure, such industries release gigantic materials and smokes, by-products, the level that are the major source of atmospheric disaster; carried by the growth of industrialization process. Such by-products enclose hazardous toxic constituents that can demolish the environmental quality in the region. Furthermore, it is observed that many aspects can be proscribed by the industries, such as standard uncooked substance, safety laws, manufacturing, technology, and awareness to mitigate environmental pollution in the atmosphere. Many countries have to tolerate huge losses in labor productivity, production process, and well-being to cope with environmental quality.



The results explore the long-term positive influence of fossil fuel energy on the ecological footprint. Predominantly, if fossil fuel energy deployment boosts by 1%, the ecological footprint will also be increased by 0.3339% in D-K, 0.4096% in FGLS, 0.3473% in FMOLS, and 0.9627% in DOLS estimator respectively. As expected, the finding of fossil fuel energy utilization has a damaging influence on ecological footprint since nonrenewable energy sources are acquired fossil fuels burning that are the major GHGs and other pollution gases sources. Fossil fuel energy sources are unsustainable and finite, and their exhaustive deployment increases environmental pollution and global warming by escalating GHGs emissions. At the same time, alternative and renewables are sustainable, abundant, and profuse, mitigating emission levels.



In fact, there is widespread harmony on the adverse influence of nonrenewable-based power deployment on the atmosphere in the existing literature (Table 1). As a review of the influences of power consumption by sources, it is observed that an increase in cleaner and renewable energy sources in the energy mix reduces the burden on the environment, while boosts in fossil fuel energy use sources in the energy mix that led to environmental pollution for the G-7 countries. The G-7 countries should pay out an extra intention and sufficient efforts to achieve the specified threshold targets. One feasible alternative to continue a path of the schemes and ventures must be to economically sustain scientific foundations, public and private universities, and scholars to put effort into producing energy from alternative and renewable sources at low costs. Additionally, authoritarian strategies must be planned to amplify the public consciousness/awareness of alternative and renewable energy for a clean atmosphere. Bearing in mind the energy-intensive circumstances of G-7 countries, another substitute option is to enlarge energy effectiveness in reducing the ecological footprint and overall pollution level by encouraging energy-efficient technology, which is one of the most crucial factors of green growth for green growth the applied countries [75].



Finally, FDI was also observed to have a constructive influence on the environmental degradation of the G-7 nations. Notably, according to D-K approach, a 1% augmentation in FDI would lead to causing a 0.0548% increase in the ecological footprint in the long-run. Many other rudiments add to the application of foreign investment, for example, propinquity to the subdivision, availability and accessibility to cheaper labor, and a smaller amount of stringent strategies in calculating the mistreatment of foreign country investors make this finding further liable. The major empirical results explored from the all-applied regression analysis verified the subsistence of the pollution haven hypothesis for the panel of G-7 nations in the long-run. This result indicates that the candidate G-7 member countries have feeble ecological policies irrespective of their individual public revenue levels. Accordingly, such negligent atmospheric rules and laws have attracted high-polluting overseas firms to invest their income in G-7 economies; as a result, resulting in further releases of carbon emissions. This provides a prompt that G-7 countries’ economies are enduring emergent economic growth and operations while paying diminutive concentration to the well-being of their environment. This maintained the point of some detractors of FDI, predominantly those apprehensive about the long-run developing country’s viability [76]. The PHH finding is in line with the conclusion observed by Balsalobre-Lorente et al. [55], Jian et al. [77], and Ke et al. [20]. Figure 5 reveals the Actual, Fitted, and Residual plot of ecological footprint function in the long-run.



Finally, the ecological function is re-estimated by employing the FGLS, FMOLS, and DOLS estimators to test for the elasticity estimates robustness. The findings from these robustness analyses are also presented in Table 7. The coefficient sign similarities estimates, even though dissimilar in terms of their more or less magnitudes, institute the coefficient/elasticity estimates robustness crossways the regression approaches employed in the current research. A novel study by Qian et al. [78] provides evidence for more explanation of p-vales, regression models, validation (errors), and statistics.




4.5. Panel Causality Analysis


Testing the causality association employed the panel heterogeneous causality to examine the connection flows between the candidate series. All causality associations (unidirectional, bidirectional, and no causality) findings from the Dumitrescu and Hurlin causality are presented in Table 8. Initially, the D–H non-causality test results strongly offer the bidirectional (two-way) association between LNEP and LEFP, LIND and LEFP, LFDI and LEFP, and between LIND and LNEP, between LIND and LFFE, between LNEP and LFFE and finally, between LIND and LFFE in this study. It is in line with the study by Ramzan et al. [79] for Pakistan, Sadiq et al. [31] for BRICS countries, and in contrast with Usman and Radulescu [45] for top energy-producing countries. In addition, the D–H causality findings are also discovered to have a unidirectional (one-way) association from LEFP to LFFE, from LFDI to LNEP, and from LFDI to LIND. This result is similar to the finding of the unidirectional causality from ecological footprint to fossil fuel energy in BRICS-T countries [75] and the findings of Dogan et al. [80] in Asian economies. In combination with the empirical findings of the long-run estimation regressions, this study also proposed the confirmation of the Granger causality as an evocative part of the fact that a high proportion of alternative and cleaner energy can have some ability to protect the environment in any case over the time for which the study model.



Furthermore, an enhancement in the ecological footprint level has pressure on reliable fossil fuel energy, which is in line with the authors’ evidence. Therefore, the G-7 countries should incessantly augment the figure of renewable energy sources for the sake of ecological protection. Bearing in mind that there is unidirectional causality operating from LEFP to LFFE, the increase in fossil fuel energy harms the environmental quality of the G-7 countries. Generally, the G-7 countries can diminish the total amount of fossil fuel energy use without reducing the real economic growth. Finally, there is no causality relationship between LFFE and LFDI.





5. Discussion and Policy Options


The G-7 countries are fossil-fuel-rich economies; nevertheless, the energy assortment diversification by including clean and alternative energy sources will encourage ecological sustainability and environmental quality, while diminishing their economy’s exposure to price instability. Considering the policy suggestions of the impact of nuclear energy, industrialization, fossil fuel energy, and FDI on environmental degradation, the current study recommends, first, a paradigm transition from fossil fuel-based energy and pollution-intensive industries to a service leaning growth that will affect a structural economic transformation, in consequence, supporting in the diminishing environmental pollution, climate variations, and its impacts. Second, The G-7 country’s policy of transparency and precision might be reviewed within a nuclear social effects investigation; consequently, the communication with the people and other stockholders can be deliberate in terms of participation in area selection, decision making, design criterion, nuclear awareness, and satisfaction, and so forth. Third, investment in cleaner energy has a viable advantage against nuclear and fossil fuel energy. For clean energy equipment to be eye-catching, it requires consumption policies that equally include renewable energy, technological expansion (innovations, technological advancement, research, and development, etc.), industry growth (e.g., affordable cost, higher performance, and superior quality), and also market progression (easily accessible and available markets). Fourth, the nuclear power position in renewable energy sources ought to be preserved. Nevertheless, it must be highlighted that constructive assistance of a power source to ecological eminence does not necessitate reliance on this source of energy. Each country of the G-7 panel should put into practice a resource diversification policy by assessing the efficiency of its power resources. As a replacement for being reliant on a solitary power source, governments and policymakers of G-7 countries should take action to diminish the environmental costs of all energy/power sources by escalating clean technological investments.



Furthermore, there is a dire requirement for technological development in the industrialization process and energy sectors that install developed technologies, for instance, carbon-free equipment, carbon storage, and capture, among others, in other to endorse energy competence. The permutation of legislation, policies, inspection, and standards associated with the accomplishment of novel technologies and enhanced social consciousness is constructive to limit environmental pollution that has the ability to encourage and advantage domestic countries by avoiding ailment and fatalities in the production process, guaranteeing a country’s environmental stability. The G-7 economies must encourage foreign and local investors to invest in renewable and alternative energy supplies and maintain apparent safety and security measures. Finally, while doing this, the government and all stakeholders must also spotlight endogenous growth of cleaner energy elucidations, with the intention that fossil fuel-based clarifications dependence might be terminated. At the same time, policymakers will promote the creation of new alternative and green jobs, which will construct full deployment of the green output procedures. Furthermore, foreign trade strategies might be redesigned to accommodate the energy revolution, and the foreign trade policies will be intended for increasing ecological excellence, such as the countries will be moved toward cleaner and green trade strategies. The surplus energy can be preserved and sold to other countries with elevated energy demand. By doing so, real revenue might increase. This surplus revenue can be committed to detecting cleaner and other new renewable energy foundations and expanding cleaner and more sophisticated technologies and green energy solutions. In this fashion, G-7 economies might be capable of facilitating accomplishment of the SDGs objectives by 2030.




6. Conclusions


Environmental pollution and global warming are considered one of the most severe issues faced by global economies due to an increase in carbon emissions as a consequence of nonrenewable and many other fossil fuel-based energy deployments. In addition, renewable energy resources’ role in mitigating environmental pollution has been a subject matter enduring concentrated studies in the existing literature. Considering this, the major aim of this research is to scrutinize the influence of nuclear energy production, industrialization, fossil fuel energy use, and FDI on ecological footprints from 1991 to 2018 in the G-7 countries. In view of that, it is one of the most vital issues in the development movement and cross-country cooperation in this era. On the whole, the econometric findings, controlling for cross-sectional dependency issue, explore that a 1% augmentation in the nuclear energy generation and fossil fuel power consumption will increase levels of ecological footprints in the long-run for G-7 economies by approximately 0.1109% and 0.3339%, respectively. Additionally, the industrialization process was also observed to display adverse roles in protecting environmental quality by 0.3351% in the region. Similarly, the empirical evidence shows that FDI also increases the pollution level by 0.0548% in the long-run.



Furthermore, the findings of the D–H causality test discover bidirectional causality between LNEP, LIND, LFDI, with LEFP, LIND and LNEP, between LIND, and LFFE, and between LNEP and LFFE, and finally, between LIND and LFFE in this study. In addition, a unidirectional causality exists from LEFP to LFFE, from LFDI to LNEP, and from LFDI to LIND. As a result, the findings based on the present study enforce some key policy suggestions for the policymakers and central authorities in the G-7 economies and assist these nations in achieving low-ecological footprint growth all the way through the adoption of renewable energy use and carbon-free technologies for a sustainable environment.



The major limitation of this research is the small panel data set dimension applied owing to the unavailability of the relevant variables. Additionally, upcoming studies could widen this research by the ecological influences related to high shares of nuclear energy deployment in the overall energy mix volume of these G-7 economies. The possible research trends can be anticipated to facilitate the G-7 and some other world-polluted energy-intensive countries to ascertain the suitable pathways leading to a sustainable environment, particularly through the renewable energy evolution channel. Moreover, innovative and alternative environmental indicators can also be taken to approximate the functions to test for the results robustness across substitute environmental proxies in the G-7 economies. Besides, future studies could incorporate some other macroeconomic (environmental related) regressors, for instance, (renewable energy, total factor productivity, environmental-related technologies, economic complexity, agricultural productivity, export product diversification, energy innovations, aging factor, and human capital) and a large data set could make upcoming studies more reliable and attractive in tackling the SDGs.
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Figure 1. Inverted U-shaped association between FDI and environmental contamination [21]. 
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Figure 2. Geographical coverage of G-7 countries. 
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Figure 3. Box chart of the selected variables. 
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Figure 4. Trend analysis of each variable over a selected period (1991–2018). 
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Figure 5. Actual, Fitted, and Residual plot of ecological footprint function. 
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Table 1. Summary of the existing published literature between NEP -IND-FFC-FDI-environment.
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Authors

	
Nations

	
Duration

	
Variables

	
Approaches

	
Outcomes






	
(A) Nexus between Nuclear energy and the environment




	
Saidi and Omri [15]

	
15 OECD nations

	
1990–2018

	
NEP, RENG, CO2

	
VECM approaches

	
NEP and RENG decline environmental damages.




	
Menyah and Wolde-Rufael [29]

	
USA

	
1960–2007

	
NEP, CO2

	
Granger causality approach

	
Unidirectional causality exists from NEP to CO2. Furthermore, NEP can help to mitigate CO2 emissions.




	
Ulucak and Erdogan [43]

	
15 OECD nations

	
2005–2016

	
NEP, GLO, CO2

	
D-K approach

	
NEP and GLO are beneficial for the minimization of CO2 emissions.




	
Pata and Samour [30]

	
France nation

	
1977–2017

	
NEP, CO2

	
causality approach with Fourier transforms

	
NEP decreases environmental contamination and raised the load capacity factor.




	
Majeed et al. [16]

	
Pakistan nation

	
1974–2019

	
NEP, CO2

	
DOLS, FMOLS

	
NEP negatively influences environmental contamination in both the short-and long-term.




	
Hassan et al. [44]

	
China nation

	
1985–2018

	
NEP, TECH, CO2

	
DARDL lag simulation

	
The negative/positive simulation diagrams for NEP and TECH overcome the CO2 emissions.




	
Sadiq et al. [31]

	
BRICS nations

	
1990–2019

	
F-GLO, EF, XDEBT, NEP

	
CS-ARDL approach

	
F-GLO accelerates ecological worsening, but NEP and XDEBT promote environmental sustainability.




	
Usman et al. [32]

	
12 advanced economies

	
1980–2015

	
NEP, HC, EF

	
CS-ARDL approach

	
NEP and HC decrease environmental contamination




	
Usman and Radulescu [45]

	
Top nuclear energy-producing nations

	
1990–2019

	
NEC, RENG, CFP

	
AMG and CCEMG approach

	
Nuclear energy reduces the carbon footprint in the long-run.




	
Mahmood et el. [46]

	
Pakistan nation

	
1973–2017

	
NEP, CO2

	
ARDL approach

	
NEP negatively affects CO2 emissions in the long-run.




	
Sarkodie and Adams [17]

	
South Africa nation

	
1971–2017

	
NEP, CO2

	
OLS approach

	
NEP increases environmental contamination in the case of South Africa.




	
Azam et al. [33]

	
10 highest CO2 emitting nations

	
1990–2014

	
RENG, NEP, CO2

	
FMOLS approach

	
RENG and NEP lead to significant increase in clean energy creation.




	
Ben Mbarek et al. [34]

	
18 developed and developing nations

	
1990–2013

	
NEP, GDP, CO2

	
VECM approach

	
There is no causality between NEP and GDP.




	
(B) Nexus between industrialization and the environment




	
Rahman and Alam [37]

	
Australian Nation

	
1990–2020

	
IND, FD, NENG, RENG, CO2

	
ARDL approach

	
IND and NENG increase, while the square of IND, RENG, and FD decreases CO2 emissions.




	
Hussain and Zhou [38]

	
OBOR nations

	
1995–2018

	
URB, FD, IND, GDP, CO2

	
D-K approach

	
URB, FD, IND and GDP significantly upsurge the energy demand and CO2




	
Ahmed et al. [47]

	
55 Asia-Pacific regions

	
1995–2020

	
IND, GDP, FDI, CO2

	
ARDL approach

	
IND increases environmental contamination. Furthermore, the EKC and PHH are accepted.




	
Usman and Balsalobre-Lorente [4]

	
Newly industrialized nations

	
1990–2019

	
IND, FD, NR, RENG, EF

	
AMG approach

	
IND and FD significantly drive environmental contamination, while NR and RENG significantly alleviate environmental contamination.




	
Kahouli et al. [48]

	
Saudi Arabia nation

	
1971–2019

	
IND, URB, ENG, CO2

	
ARDL approach

	
IND and URB Granger causes ENG




	
Rai and Rawat [49]

	
BRICS nations

	
1996–2016

	
TECH, IND, CO2

	
DOLS approach

	
TECH has a negative, while IND positively influences the dilapidation of environmental excellence.




	
Mentel et al. [50]

	
44 SSA nations

	
2000–2015

	
IND, RENG, CO2

	
GMM approach

	
IND has a significant positive impact on CO2, while RENG reduces CO2




	
Aslam et al. [51]

	
China nation

	
1962–2018

	
IND, CO2

	
VCEM approach

	
The impact of IND on CO2 is significant, both positively and negatively.




	
Rehman and Ozturk [52]

	
Pakistan nation

	
1971–2019

	
IND, CO2

	
Quantile regression

	
IND increases the CO2 emissions.




	
(C) Nexus between Fossil fuel energy utilization and environment




	
Omri and Saidi [39]

	
14 MENA nations

	
1990–2018

	
RENG, NENG, CO2

	
FMOLS approach

	
RENG enhances ecological excellence, whereas NENG deteriorates it.




	
Usman et al. [53]

	
Top financially resource-rich nations

	
1990–2018

	
FD, NR, NENG, GLO, NENG, EF

	
The second-generation approaches

	
FD, NR, and NENG positively affect the EF, while GLO and RENG reduce the EF.




	
Jahanger et al. [21]

	
69 developing nations

	
1990–2018

	
RENG, FD, GLO, CO2

	
FMOLS, DOLS approaches

	
RENG significantly overcame the pressure on the environment, while FD and GLO significantly increased environmental damage.




	
Li et al. [54]

	
MINT nations

	
2000–2020

	
NENG, TECH, CO2

	
FMOLS, DOLS approaches

	
NENG and TECH significantly upsurge environmental dilapidation




	
(D) Nexus between Foreign direct investment and environment




	
Balsalobre-Lorente et al. [55]

	
PIIGS nations

	
1990–2019

	
GDP, FDI, CO2

	
DOLS approach

	
EKC and PHH are confirmed in PIIGS nations.




	
Musah et al. [40]

	
G-20 nations

	
1992–2018

	
FDI, CO2

	
CCEMG approach

	
FDI surges CO2 emissions whereby the PHH is evidenced to grip for the G-20 economies of concern.




	
Li et al. [41]

	
89 OBOR nations

	
1995–2017

	
FDI, GDP, CO2

	
The second-generation approaches

	
Mixed outcomes for the EKC and the PHH were found in OBOR nations.




	
Balsalobre-Lorente et al. [56]

	
MINT nations

	
1990–2013

	
FDI, GDP, EF

	
FMOLS, DOLS approaches

	
EKC, PHH and PHV are confirmed




	
Ahmad et al. [57]

	
28 Chinese provinces

	
1998–2016

	
GDP, FDI, CO2

	
CCEMG approach

	
The existence of EKC is verified in only five provinces, while PHH is confirmed in only fifteen provinces.




	
Chaudhry et al. [42]

	
BRICS nations

	
1995–2019

	
FDI, CO2

	
DCCE approach

	
FDI is a source of PHH in this region.




	
Caetano et al. [58]

	
15 OECD nations

	
2005–2018

	
FDI, CO2

	
ARDL approach

	
Confirmed the PHH, which was unanticipated for developed nations.




	
Ke et al. [20]

	
77 developing nations

	
1990–2016

	
FDI, CO2

	
GMM approach

	
The empirical conclusion confirms the existence of the PHH.




	
Shao et al. [59]

	
BRICS and MINT nations

	
1982–2014

	
FDI, CO2

	
VECM approach

	
PHH does not stand in these nations.
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Table 2. Descriptive information.






Table 2. Descriptive information.





	Stats.
	LEFP
	LNEP
	LIND
	LFFE
	LFDI





	Mean
	1.832627
	5.221431
	3.189392
	4.332610
	24.19275



	Median
	1.719978
	5.099488
	3.233984
	4.402278
	24.37685



	Maximum
	2.336317
	6.744722
	3.568494
	4.568967
	26.96048



	Minimum
	1.430149
	1.509486
	2.844234
	3.788888
	17.45844



	Std. Dev.
	0.260645
	0.996665
	0.191031
	0.190726
	1.620030



	Skewness
	0.567343
	−0.345892
	−0.128063
	−1.471039
	−1.270640



	Kurtosis
	1.888594
	3.229025
	1.968921
	3.934190
	5.903080



	Jarque-Bera
	17.65915
	3.717125
	7.901062
	66.69974
	104.2019



	Probability
	0.000146
	0.155897
	0.019244
	0.000000
	0.000000



	Sum
	307.8813
	877.2004
	535.8178
	727.8784
	4064.383



	Sum Sq. Dev.
	11.34531
	165.8881
	6.094313
	6.074842
	438.2909



	Observations
	168
	168
	168
	168
	168







Note: LEFP, LNEP, LIND, LFFE, and LFDI denote the ecological footprint, nuclear energy production, industrialization, fossil fuel energy, and foreign direct investment in logarithmic form.
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Table 3. Correlation Analysis.
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	Series
	LEFP
	LNEP
	LIND
	LFFE
	LFDI





	LEFP
	1.0000
	
	
	
	



	
	
	
	
	
	



	
	
	
	
	
	



	LNEP
	0.3417
	1.0000
	
	
	



	
	[4.5472]
	
	
	
	



	
	(0.0000)
	
	
	
	



	LIND
	0.0069
	−0.3161
	1.0000
	
	



	
	[1.3972]
	[−3.7581]
	
	
	



	
	(0.9296)
	(0.0002)
	
	
	



	LFFE
	0.2065
	−0.3375
	0.4208
	1.0000
	



	
	[2.6612]
	[−4.8525]
	[6.3977]
	
	



	
	(0.0072)
	(0.0000)
	(0.0000)
	
	



	LFDI
	0.2893
	0.2278
	−0.6088
	−0.0059
	1.0000



	
	[3.7035]
	[2.9431]
	[−7.5983]
	[−0.0948]
	



	
	(0.0001)
	(0.0032)
	(0.0000)
	(0.9420)
	







Note: t-statistics are presented in [ ], and parentheses values show the p-values.
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Table 4. Cross-section dependence results.






Table 4. Cross-section dependence results.





	
Series

	
Breusch–Pagan LM

	
Pesaran Scaled LM

	
Bias-Corrected Scaled LM

	
Pesaran CD




	
Statistic

	
Prob.

	
Statistic

	
Prob.

	
Statistic

	
Prob.

	
Statistic

	
Prob.






	
LEFP

	
152.8445 *

	
0.0000

	
24.07140 *

	
0.0000

	
23.96029 *

	
0.0000

	
−3.924491 *

	
0.0001




	
LNEP

	
129.5454 *

	
0.0000

	
19.81759 *

	
0.0000

	
19.70648 *

	
0.0000

	
9.422787 *

	
0.0000




	
LIND

	
125.0421 *

	
0.0000

	
18.99540 *

	
0.0000

	
18.88429 *

	
0.0000

	
−2.831969 *

	
0.0046




	
LFFE

	
117.5857 *

	
0.0000

	
17.63405 *

	
0.0000

	
17.52294 *

	
0.0000

	
−1.467775

	
0.1422




	
LFDI

	
86.23601 *

	
0.0000

	
11.91041 *

	
0.0000

	
11.79930 *

	
0.0000

	
−1.497714

	
0.1572








Note: * denotes the significance at the 1% level.
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Table 5. Panel unit root results.






Table 5. Panel unit root results.





	
Variables

	
Intercept

	
Intercept and Trend




	

	
CADF

	
CIPS

	
IPS

	
CADF

	
CIPS

	
IPS






	
LEFP

	
−2.303 ***

	
−1.329

	
2.38795

	
−2.067

	
−2.066

	
3.3912




	
ΔLEFP

	
−4.269 *

	
−5.274 *

	
−26.025 *

	
−4.194 *

	
−5.257 *

	
−30.251 *




	
LNEP

	
−1.664

	
−1.713

	
1.30496

	
−2.062

	
−2.097

	
0.27691




	
ΔLNEP

	
−3.495 *

	
−4.732 *

	
−39.181 *

	
−4.057 *

	
−4.998 *

	
−38.155 *




	
LIND

	
−1.771

	
−2.016

	
0.09886

	
−2.060

	
−1.911

	
3.30318




	
ΔLIND

	
−3.289 *

	
−4.691 *

	
−60.037 *

	
−3.608 *

	
−5.232 *

	
−84.398 *




	
LFFE

	
−0.894

	
−0.971

	
−0.2651

	
−1.227

	
−1.384

	
1.76224




	
ΔLFFE

	
−3.170 *

	
−5.029 *

	
−195.94 *

	
−3.805 *

	
−5.574 *

	
−142.39 *




	
LFDI

	
−3.127 *

	
−3.219 *

	
−0.4272

	
−3.454 *

	
−3.135 **

	
0.87776




	
ΔLFDI

	
−4.478 *

	
−5.602 *

	
−17.258 *

	
−4.433 *

	
−5.674 *

	
−17.667 *




	
Critical Values

	
1%

	
5%

	
10%

	
1%

	
5%

	
10%




	
−2.51

	
−2.25

	
−2.12

	
−3.3

	
−2.94

	
−2.76








Note: *, ** & *** denote the significance at 1%, 5%, and 10% level. Δ shows the first difference operator.
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Table 6. Long-run cointegration outcomes (Pedroni, Kao, and Westerlund).
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(A) Pedroni cointegration test






	
Alternative hypothesis: common AR coefs. (Within-dimension)




	
Test Statistic

	
Statistic

	
Prob.

	
Weighted Statistic

	
Prob.




	
Panel v-Statistic

	
−2.225924

	
0.9870

	
−3.261776

	
0.9994




	
Panel rho-Statistic

	
1.348549

	
0.9113

	
1.678572

	
0.9534




	
Panel PP-Statistic

	
−4.625524 *

	
0.0000

	
−5.252614 *

	
0.0000




	
Panel ADF-Statistic

	
−6.588186 *

	
0.0000

	
−6.667216 *

	
0.0000




	
Alternative hypothesis: individual AR coefs. (Between-dimension)




	
Group rho-Statistic

	
2.193115

	
0.9859

	

	




	
Group PP-Statistic

	
−6.741938 *

	
0.0000

	

	




	
Group ADF-Statistic

	
−6.660171 *

	
0.0000

	

	




	
(B) Kao cointegration test




	
ADF

	
−3.228032 *

	
0.0006

	

	




	
Residual variance

	
0.057145

	

	

	




	
HAC variance

	
0.006626

	

	

	




	
(C) Westerlund cointegration test




	
Statistic

	
Value

	
Z-value

	
p-value

	
Robust p-value




	
Gτ

	
−4.043 *

	
−2.534

	
0.031

	
0.000




	
Ga

	
−10.974 **

	
0.634

	
0.737

	
0.037




	
Pτ

	
−6.349 ***

	
−1.005

	
0.154

	
0.098




	
Pa

	
−12.764 *

	
−3.794

	
0.025

	
0.000








Note: *, ** & *** denotes the significance 1%, 5% and 10% level respectively.
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Table 7. Results of long-run elasticity estimates.
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Variables

	
D-K Regression

	
FGLS Regression

	
FMOLS Regression

	
DOLS Regression




	
Coeff.

	
p-Value

	
Coeff.

	
p-Value

	
Coeff.

	
p-Value

	
Coeff.

	
p-Value






	
Sum squared resid

	

	

	

	

	
6.933656

	

	
0.079756

	






	
LNEP

	
0.1109 *

	
0.000

	
0.0452 *

	
0.001

	
0.0891 *

	
0.000

	
0.0746 **

	
0.012




	
LIND

	
0.3351 *

	
0.004

	
0.2824 *

	
0.000

	
0.2114 **

	
0.012

	
0.3538 *

	
0.000




	
LFFE

	
0.3339 *

	
0.000

	
0.4096 *

	
0.000

	
0.3473 *

	
0.000

	
0.9627 ***

	
0.051




	
LFDI

	
0.0548 *

	
0.000

	
0.0339 *

	
0.006

	
0.0672 *

	
0.000

	
0.0985 *

	
0.000




	
Constant

	
−2.5886 *

	
0.000

	
−2.4604 *

	
0.000

	

	

	

	




	
Root MSE

	
0.1264

	

	

	

	

	

	

	




	
F (4, 27)

	
386.22

	
0.000

	

	

	

	

	

	




	
Wald chi2 (4)

	

	

	
242.66

	
0.000

	

	

	

	




	
R-squared

	
0.6956

	

	

	

	
0.670534

	

	
0.792092

	




	
Adjusted R-squared

	

	

	

	

	
0.605862

	

	
0.782673

	




	
S.E. of regression

	

	

	

	

	
0.217924

	

	
0.034247

	




	
Long-run variance

	

	

	

	

	
0.012806

	

	
0.000651

	




	
Mean dependent var

	

	

	

	

	
1.831858

	

	
1.831921

	




	
S.D. dependent var

	

	

	

	

	
0.261566

	

	
0.260173

	








Note: *, ** & *** denotes the significance 1%, 5% and 10% level respectively.
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Table 8. Panel Dumitrescu and Hurlin causality outcomes.
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Null Hypothesis:

	
W-Stat.

	
Zbar-Stat.

	
Prob.

	
Decision






	
LNEP ⇏ LEFP

	
22.5572 *

	
20.2856

	
0.0000

	
Bidirectional causality between LNEP and LEFP




	
LEFP ⇏ LNEP

	
4.18634 **

	
1.96989

	
0.0489




	
LIND ⇏ LEFP

	
4.21991 **

	
2.00335

	
0.0451

	
Bidirectional causality between LIND and LEFP




	
LEFP ⇏ LIND

	
11.4809 *

	
9.24253

	
0.0000




	
LFFE ⇏ LEFP

	
3.74278

	
1.52765

	
0.1266

	
Unidirectional causality from LEFP to LFFE




	
LEFP ⇏ LFFE

	
7.74842 *

	
5.52127

	
0.0000




	
LFDI ⇏ LEFP

	
4.20595 **

	
1.98944

	
0.0467

	
Bidirectional causality between LFDI and LEFP




	
LEFP ⇏ LFDI

	
4.61820 **

	
2.40045

	
0.0164




	
LIND ⇏ LNEP

	
17.0717 *

	
14.8165

	
0.0000

	
Bidirectional causality between LNEP and LIND




	
LNEP ⇏ LIND

	
52.5660 *

	
50.2043

	
0.0000




	
LFFE ⇏ LNEP

	
7.06867 *

	
4.84356

	
0.0000

	
Bidirectional causality between LNEP and LFFE




	
LNEP ⇏ LFFE

	
25.6784 *

	
23.3975

	
0.0000




	
LFDI ⇏ LNEP

	
13.6561 *

	
11.4113

	
0.0000

	
Unidirectional causality from LFDI to LNEP




	
LNEP ⇏ LFDI

	
3.39218

	
1.17811

	
0.2388




	
LFFE ⇏ LIND

	
10.3762 *

	
8.14121

	
0.0000

	
Bidirectional causality between LIND and LFFE




	
LIND ⇏ LFFE

	
4.71551

	
2.49747

	
0.0125




	
LFDI ⇏ LIND

	
8.78390 *

	
6.55365

	
0.0000

	
Unidirectional causality from LFDI to LIND




	
LIND ⇏ LFDI

	
3.57756

	
1.36294

	
0.1729




	
LFDI ⇏ LFFE

	
2.88774

	
0.67518

	
0.4996

	
No causality between LFFE and LFDI




	
LFFE ⇏ LFDI

	
3.59681

	
1.38212

	
0.1669








* & ** denote the significance 1%, and 5% level respectively. The notation “⇏” denotes “does not granger cause”.
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