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Considering the actual debate nuclear vs renewable that divides the green transition of the EU member states, this paper investigates the dynamic interactions between two sources of decarbonized energy (renewables and nuclear) and economic growth for three distinct economies: France, Spain, and Germany, all differing in their respective long-run nuclear planning. A complex methodological framework is employed to consider stationary (Augmented Dickey-Fuller test, Phillips-Perron test, Dickey-Fuller test, Elliott-Rothenberg-Stock test, Kwiatkowski-Phillips-Schmidt-Shin test, Zivot and Andrews test with structural break), cointegration (Johansen and Juselius test of cointegration, Gregory and Hansen cointegration test with breaks based on regime-trend shifts), long-run convergence (Vector Error Correction Model), causality (Granger causality test, Toda-Yamamoto non-causality test, and variance analysis (Impulse Response Functions) Empirical results for the period 1983–2019 fail to support the existence of statistical causality between renewable energy use and economic growth in France and Spain, which is congruent with the “neutral hypothesis”. Besides, while a weak one-way link is revealed from renewable energy use to GDP in Germany only, economic growth is found to substantially trigger nuclear energy consumption in Spain but not vice versa, thus corroborating the “growth hypothesis”. Accordingly, country-specific insights are provided to deploy low-carbon sectoral facilities in Spain, enhance the channels of radioactive waste treatment in France, and secure the nuclear phase-out in Germany.
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INTRODUCTION
For the past decades, countries have been facing increasing energy challenges. Upon them, the deployment of secure supplies of electricity follows a need to meet the booming energy demands yet recorded everywhere. However, a few consensus has been reached on how massively upgrading power grids over the medium-term without jeopardizing their climate targets. Yet, it is admitted that, unless governments commit to comprehensive measures, global warming is expected to induce massive land and biodiversity damages, threaten coastal populations and hinder food security at the global scale (Stern, 2006; IPCC, 2014). Nobuo Tanaka, Executive Director of the International Energy Agency (IEA, 2009) highlighted that “Energy is at the heart of the problem—and so must form the core of the solution”. But to implement changes in future energy paths, a in-depth understanding of the today’s energy features and policies is required.
The development issue facing European Union (EU) countries, as well as other advanced economies is how reconcile the need for secure energy procurements to industrial and domestic sectors while avoiding unsustainable externalities (Wolde-Rufael and Menyah, 2010; Li and Jiang, 2019). In this context, both renewable and nuclear sources have emerged as a means of providing low-carbon alternatives to power-generation based-fossil fuels without boosting the energy dependence on foreign suppliers (Wolde-Rufael and Menyah, 2010; Yu et al., 2020). Following this view, shifting to renewables and nuclear is said to induce a wide range of benefits including a massive supply to energy-intensive sectors, carbon savings, and limit the fossil price volatility traditionally facing domestic importers. For instance, NEA (2002)’s estimations underlined that 10% of total carbon emissions from energy use in the OECD can be annually saved through nuclear. While numerous emerging economies have shown a keen interest for this singular source (Kakodkar, 2004; Xu, 2008; Dos Santos et al., 2013; Luqman et al., 2019), the nuclear debate continues to sharply divide EU members.
Yet, policy divergences are striking. While Europe displays an average share of nuclear of 26.4% (European Commission, 2021), national energy planning differs strongly across economies. On the one hand, France, for which nuclear power takes a central position in its electricity mix (77.6% of total electricity production in 2015), claims that the deployment of this “decarbonized” energy source may reconcile economic and environmental objectives set by the EU commission (Policy, 2017; Perrier, 2018; WDI, 2020). However, only a few is said about the effective long-run economic and ecological costs of radioactive waste disposal, decommissioning, and storage facilities. On the other hand, dealing with the numerous controversies associated with nuclear, early protest movements following the Fukushima nuclear accident1, and issues related to operational safety, Germany endorsed the decision to accelerate its phase-out from nuclear power. In May 2011, the German government announced its decision to immediately close the seven oldest nuclear power plants and to completely phase-out by 2022 (Kunz and Weight, 2014; Arlt and Wolling, 2016), later followed by Belgian (by 2025—Kunsch and Friesewinkel, 2014), and Switzerland (by 2034—Magazzino et al., 2020). Although massive deployments of renewable installed capacity are planned in Germany, the share of nuclear power still represents a non-negligible input in the total supply (14.3% of total electricity production in 2015) (WDI, 2020). Thus, Germany may face important economic and environmental challenges, starting by the choice of a cheap and climate-compatible “bridging” fuel to fill the energy gap left by nuclear over the short-run (Pattupara and Kannan, 2016). Located in between these extrema, Spain has been experiencing a long history of electricity generation based-nuclear since 1964. In consequence, nuclear became a crucial energy input which covered up until 40% of the total electricity supply in 1990s (WDI, 2020). However, in 2018, the Minister for the Ecological Transition Teresa Ribera ratified an agreement stating the progressive dismissing of 10 nuclear power plants by 2035. Given the relatively low space dedicated to renewables (24.8% of total electricity production—excluding hydroelectric), questions are ongoing on which Spanish energy choice will replace one fourth of the total power supply currently covered by nuclear (Sorman et al., 2020; WDI, 2020).
Hence, there is a point in understanding the nature of the nuclear energy-GDP relationship in Germany, France, and Spain, and analyze it comparatively with renewables. This step is necessary before asking whether maintaining a heavy reliance on nuclear would trigger economic growth in France, questioning if incoming nuclear energy conservation measures would jeopardize the German economic development, or raising interrogations about the well-established nuclear energy deployment-industrial performance defended by Spanish pro-nuclear politicians. It is thus crucial to provide an accurate and consistent knowledge on how the growth of these economies interacts with long-run changes in nuclear energy use, and the consumption of renewables.
An in-depth review of the literature highlights two important points. First, while the relationship between renewable energy and economic growth has been extensively studied (Sadorsky, 2009; Shafiei and Salim, 2014; Saidi and Omri, 2020), the domain lacks country-specific insights. Instead, large panel assessments have been conducted based on samples of heterogenous countries. Similarly, if the nuclear-GDP nexus has become the centre of a growing recent attention, panel estimations have dominated the literature (Apergis et al., 2010; Omri et al., 2015; Ozcan and Ari, 2017), placing single-country approaches relatively unexplored. Often, panel estimates have been generalized among countries presenting different energy characteristics and opposite nuclear strategies, creating general results but biased and misleading policy implications. This has recursively been the case for France, Spain, and Germany. They all give a different place to nuclear in the future but suffer from a quasi-absence of country-scale estimates and recommendations. Second, looking at the findings drawn in the empirical literature, they unfortunately contrast, and often conflict. The reason is that econometric methodologies (Augmented Mean Group (AMG); Autoregressive Distributed Lags Bounds (ARDL); Booststrap Panel Causlaity (BPC); Dynamic Ordinary Least Square (DOLS); Error Correction Model (ECM); Fully Modified Ordinary Least Square (FMOLS); Heterogenous Panel Causality (HPC), etc., … ), case studies (G-7 countries, OECD countries, heterogeneous samples of advanced and developing countries; top renewable/nuclear energy consuming countries, etc … ), and data series (quarterly or yearly series) differ sharply across papers, thus rendering the final estimates highly sensitive to the model’s specification. Besides, a wide range of past assessments have been performed using bivariate frameworks, and sometimes avoided to include standard production factors (labour, capital and exports) when data availability allowed that. This is a concern and calls for further investigations using a multivariate causality testing framework able to confirm, deny, reconcile, and more generally extend past results. Third and finally, the EU nuclear and renewable energy patterns have undergone substantial disruptions this past decade, especially because of the recursive nuclear phase out strategies endorsed by several members. More than ever, policymakers need to rely on accurate country-specific estimations to accompany these reforms, and thus, examinations using the most recent time-series data are urgent.
Accordingly, this paper fills these above-mentioned gaps in a single manner. In doing so, it contributes to the literature in two important ways (empirically and methodologically). First, to the best of our knowledge, this is the first comparative analysis of the dynamic interactions operating among renewable and nuclear energy sources, on the one hand, and economic growth on the other hand, for France, Spain, and Germany simultaneously. Second, this study contrasts with previous ones as it employs an innovative stepwise causality procedures involving a wide range of stationary, cointegration and variance analysis tests, less sensitive to the lag length selection. In addition, it displays a competitive edge with respect to standard bivariate approaches as we set-up a multivariate framework including key production factors. Finally, this assessment is thought to provide accurate findings as we rely on series covering the most recent and available period.
In sum, this paper investigates the dynamic interactions operating between two sources of decarbonized energy (renewables and nuclear) and economic growth for three distinct economies: France, Spain, and Germany, all differing in their respective long-run nuclear planning. Before conducting the comparative nexus analysis, a multivariate framework comprising production factors (GFCF, employment, and exports of goods and services), nuclear and renewable energy consumptions, and Gross Domestic Products is set with series spanning the 1983–2019 period. A complete stepwise causality analysis is then elaborated. It comprises stationary (Augmented Dickey-Fuller (ADF) test, Phillips-Perron (PP) test, Dickey-Fuller GLS (DF-GLS) test, Elliott-Rothenberg-Stock (ERS) test, Kwiatkowski-Phillips-Schmidt-Shin (KPSS) test, Zivot and Andrews test with structural break (ZA)– 1), cointegration (Johansen and Juselius (JJ) test of cointegration, Gregory and Hansen (GH) cointegration test with breaks based on regime-trend shifts—2), long-run convergence (Vector Error Correction Model (VECM)—3), causality (Granger causality (GC) test, Toda-Yamamoto non-causality (TY) test—4), and variance analysis (Impulse Response Functions (IRFs)—5) stages. Expected country-specific findings are thought to help designing adequate energy planning able to reconcile economic and climate targets in the EU zone.
Besides the Introduction, this study comprises the following Sections. Section 2 provides an in-depth review of the literature and identifies relevant empirical gaps. Section 3 shows the data and the econometric framework. Section 4 displays the empirical results which are then discussed in Section 5. In Section 6, conclusions and policy remarks are provided.
LITERATURE REVIEW
The literature examining the relationship between energy consumption and economic growth is rich and extensive. However, much less is known on the linkages operating among individual energy sources and GDP, especially when dealing with nuclear and renewables. This Section aims at providing a global overview on the main hypotheses of the literature on the nuclear-GDP, and the renewable-GDP nexuses, along with a summary of the main empirical outcomes that have been drawn on this topic so far. Finally, the main empirical gaps are highlighted, enabling us to formulate our contribution’s proposal. For an exhaustive review of this topic, see Omri (2014), and Owusu and Asumadu-Sarkodie (2016).
Energy Hypotheses
For many countries, the relationship between energy consumption and economic development represents a central issue because it links the constraints of the energy sector with the industrial performance, while paying deep attention to the monitoring of polluting releases (Alam, 2013; Schneider and Vallet, 2019). In the past 2 decades, researchers have commonly classified the main outcomes in four testable hypotheses, each of them being linked to far-reaching policy implications.
Above all, if a one-way causality is depicted from nuclear/renewable energy consumption to economic growth without feedback, it indicates that the studied economy is a nuclear/renewable energy-independent one. Any conservation policy aiming at reducing the share of this resource in the total supply may adversely impact the growth of the economy because this latter energy source operates as an input in the production process and plays a role alongside other factors: capital and labour. It is defined as the “growth hypothesis”, which found support in Mbarek et al. (2015) and Azam et al. (2021). Conversely, if a unidirectional causality running from GDP to nuclear/renewable energy use is revealed, it is supposed that any policy aiming at further deploying the absolute consumption of these sources would not significantly trigger the growth of the economy. However, changes in GDP are likely to affect nuclear/renewable energy consumption trends. This relationship is named as the “conservation hypothesis” and display empirical validations in Radmehr et al. (2021). Third, there is a significant bidirectional link between the variables, this refers to the “feedback hypothesis”, and associated evidence have been found in Apergis et al. (2010) and Omri et al. (2015). Fourth and finally, if no causal linkages are found among variables, then nuclear/renewable energy and GDP are considered as independent one. This refers to the “neutral hypothesis” and is congruent with the findings drawn in Ozcan and Ari (2017) and Pilatowska and Geise (2021). Therefore, it is crucial to provide an accurate knowledge on the nature of the interactions operating among energy and economic indicators in a given economy. Energy planning and economic policies should be designed accordingly to avoid unexpected adverse consequences.
A wide range of studies have examined the causal relationship between energy consumption and economic growth. However, while some studies have chosen to perform single-country analysis, others have chosen to inspect several countries simultaneously by merging the series as part of panel framework. Typically, aggregate energy consumption has been employed as a proxy for total energy consumption. Instead, other studies have opened the door to the incorporation of individual energy sources (for natural gas-GDP studies, Lee and Chiu (2011), Ewing et al. (2007), and Guo et al. (2018); for oil-GDP studies, see Zou and Chau (2006), Payne (2011), and Chu and Chang (2012); for electricity-GDP studies, see Yang (2000), Narayan and Prasad (2008), and Salahuddin and Alam (2016)). Upon them, a strand of the literature has paid a growing attention to two specific sources: nuclear and renewables. Followingly, we first review the assessments conducted on the nuclear-GDP nexus. Then, the most recent and relevant papers referring to the renewable-GDP relationship are outlined. Studies are presented chronologically. Given the explicit aim of the paper, the literature survey is rooted around the results derived from the past assessment of France, Spain, and Germany.
The Nuclear Energy Consumption-GDP Nexus
Seminal evidence can be traced back to Yoo and Ku (2009) who first investigated the causal relationship between nuclear energy consumption and economic growth for a sample of six nuclear economies (including Germany and France) and using series spanning the period 1960–2005. Findings derived from the Granger causality test (Granger 1969, 1988) claimed support for the existence of a one-way causality for France, which is congruent with the “growth hypothesis”. Also, results emphasized the absence of causal linkages for the case of Germany. In the same vein, Apergis and Payne (2010) provided contrasted results while inspecting the same nexus for a panel of 16 countries (including France and Spain) over the period 1980–2005. Indeed, the authors employed the Pedroni’s (1999, 2004) heterogeneous panel cointegration test and revealed the existence of a long-run equilibrium relationship between real GDP, nuclear energy consumption, real gross fixed capital formation, and the labor force. Besides, the panel Granger causality tests underlined the existence of a two-way link among variables, in line again with the “feedback hypothesis”. In practice, one plausible interpretation is that any shock in nuclear energy consumption directly affects economic growth, and that economic growth also stimulates further nuclear energy consumption (Işik et al., 2021). Therefore, they pointed out that given the carbon savings enabled by nuclear power, further deploying this energy source could generate positive spillover with environmental indicators. Using a slightly different approach, Apergis et al. (2010) examined the causal linkages operating among nuclear energy consumption, renewable energy consumption and economic growth for a group of 19 developed and developing countries (including France and Spain), and incorporated carbon emissions data within their 1984–2007 period framework. Panel results derived from the Error Correction Model (ECM) and the Granger Causality test argued in favor of a two-way link among nuclear and economic indicators, as well as between renewable energy use and GDP. Nonetheless, while economic growth enhances nuclear energy consumption, an increase in nuclear energy consumption contributes to a decrease in economic growth. Finally, nuclear is found to trigger important polluting emissions reduction on the short run, whereas renewable do not. Conversely, Wolde-Rufael and Menyah (2010) brought contrasted evidence when assessing the nuclear-GDP nexus for nine developed countries (including France and Spain) and using data series spanning the 1971–2005 period. Outcomes drawn from the Toda-Yamamoto (Toda and Yamamoto, 1995) causality procedure provided support for a one-way link running from nuclear energy use to economic growth in three countries of the sample, and without feedback. However, increases in nuclear energy consumption were found to be significantly but negatively associated with economic growth. Besides, a two-way linkage was finally depicted for both France and Spain. Lee and Chiu (2011) applied the Toda-Yamamoto causality test, followed by Impulse Response Function (IRF) and Generalized Forecast Error Variance Decomposition (GFEVD) to explore the interrelationships among nuclear energy, oil consumption and real GDP in six highly industrialized countries (including France and Germany). Associated findings provided evidence of a unidirectional causality running from real GDP to nuclear energy use in Japan, a bidirectional linkage in Canada, Germany, and the United Kingdom, while no causality emerged in France and the U.S finally. Later, Chu and Chang (2012) collected data series for G-6 economies (including France and Germany) and employed Bootstrap panel causality test over the 1971–2010 period. Related findings rejected the existence of substantial causal linkages among nuclear and economic variables, which verifies the “neutral hypothesis”. This contrasts with Omri et al. (2015)’s conclusions derived from a panel analysis of 17 advanced and developing countries ‘including France and Spain), as they claimed support for the “growth” and “feedback hypothesis” for Spain and France, respectively. Using a single-country approach, Mbarek et al. (2015) brought French-specific evidence supporting the “growth hypothesis” using quarterly data spanning the 2001:Q1-2012:Q3 period. More recently, Saidi and Ben Mbarek (2016) nurtured this lack of consensus by claiming support to the “neutral hypothesis” for nine advanced economies (including France and Spain). As a matter of fact, results drawn from Dynamic Panel Regressions (DPR) applied over the period 1990–2013 reported the absence of significant causal linkages among nuclear and economic variables. This corroborated the evidence brought in Ozcan and Ari (2017) on 13 OECD countries (including France, Spain, and Germany). Lastly, Pilatwoska et al. (2020) supplied Spanish-related evidence characterizing the presence of a bidirectional causality operating between nuclear energy consumption and economic growth. All in all, Azam et al. (2021) assessed the nexus among nuclear energy, renewables, natural gas, economic growth and carbon emissions for the 10 largest CO2 emitters worldwide (including Germany). Results derived from the Dumitrescu-Hurlin Causality test (Dumitrescu and Hurlin, 2012) confirmed the engine role of nuclear power in triggering both economic performance and carbon emissions savings. In Table 1 are summarized the main information of this conflicting evidence from the literature.
TABLE 1 | Summary of previous nuclear energy-growth nexus studies.
[image: Table 1]The Renewable Energy Consumption-GDP Nexus
The link among renewable energy and aggregate income has been abundantly studied. Often, environmental pollution data have been incorporated within a multi-country approach.
On this topic, Sadorsky (2009) brought seminal evidence by estimating an empirical model of renewable energy consumption for a sample of G7 countries (including France and Germany) over the 1980–2005 period. Using panel cointegration techniques, related inferences underlined that per capita GDP and CO2 emissions are two robust drivers of per capita renewable energy consumption. Indeed, a 1% increase in income implies a 8.44% increase in renewable energy consumption, which validates the existence of a one-way link among variables. Apergis et al. (2010) assessed the causal liankages between CO2 emissions, nuclear energy consumption, renewable energy use, and GDP for a sample of 14 developed and five developing countries (including France and Spain). Using data over the 1984–2007 period with a panel Error Correction Model (ECM) and the Augmented Mean Group (AMG) estimator, results emphasized a significant positive association between CO2 emissions and renewable resources use. Furthermore, the panel Granger causality tests concluded that renewable energy consumption fails to lower CO2 emissions mitigation, whereas a two-way causality is depicted between renewable energy use and the growth of the economy. Hung-Pin (2014) inspected the renewable energy-GDP nexus for nine OECD countries (including Germany and France) using data from 1982 to 2011. Outcomes obtained from the Autoregressive Distributed Lag (ARDL) model underlined the existence of causal linkages for five out of the nine countries. Regarding Germany, the “growth hypothesis” was supported. By contrast, Shafiei and Salim (2014) explored the determinants of CO2 emissions for 29 OECD countries (including France, Germany and Spain). Using data spanning the period 1980–2011 with the Stochastic Impacts by Regression on Population, Affluence, and Technology (STIRPAT) model, empirical results showed that renewable energy consumption reduces CO2 emissions. In addition, whereas non-renewable sources fail to do so. Bilgili et al. (2016) investigated the validity of the Environmental Kuznets Curve (EKC) hypothesis with CO2 emissions as dependent variables and income, quadratic income, and renewable energy consumption as independent regressors. Focusing on 17 OECD countries (including France, Germany and Spain) over the 1977–2010 period, the findings confirmed the EKC hypothesis for the whole panel, indicating that environmental degradation decreases after income reaches a turning point, and that the deployment of renewable energy triggers this dynamic. More recently, Ito (2017) examined the linkage between CO2 emissions, renewable and non-renewable energy consumption, and economic growth for 42 developed economies (including France, Germany and Spain). Using data over the 2002–2011 period with Generalized Method of Moments (GMM) and Pooled Mean Group (PMG) estimator, renewable energy use drives aggregate income. Moreover, empirical findings suggested that renewable energy consumption displays a positive and significant impact on CO2 emissions mitigation. Bhattacharya et al. (2016) collected data on top 38 renewable energy consuming countries (including France, Germany and Spain), and applied Fully Modified Ordinary Least Squares (FMOLS) methods along with Heterogenous Panel Causality (HPC) procedures. Panel findings supported the existence of a one-way link from renewable energy to GDP, which is in line with the “growth hypothesis”. Saidi and Omri (2020) extended these results and showed that renewable resources can slow down polluting emissions in 15 OECD countries (including France, Germany, and Spain) using FMOLS and VECM frameworks. Finally, Radmehr et al. (2021) used a panel spatial simultaneous equations model with generalized spatial two-stage least squares (GS2SLS) and concluded to the existence of a significant one-way causality running from renewable use to economic growth in 21 EU countries. This draws a break with respect to Piłatowska and Geise (2021)’s findings as they claimed support for the “neutral hypothesis” in France and Sweden and revealed a significant bidirectional relationship for Spain using Impulse Response Functions (IRF). In Table 2 we summarized the main information provided by this literature.
TABLE 2 | Summary of previous renewable energy-GDP nexus studies.
[image: Table 2]Gaps in the Literature and Contribution’s Proposal
The review of literature highlights several important points. First, there is a lack of existing literature for the single case of France, Germany, and Spain. Until now, the nuclear energy-GDP and renewable energy-GDP nexuses have only been examined within large and heterogenous panel assessments. This is critical since single-country investigations are yet assumed to display a non-negligible policy potential, especially when dealing with energy hypotheses. In addition, this turns even more central when the economies studied present contrasted (sometimes opposite) nuclear energy strategies, as it the case for France (heavy reliance), Germany (phase-out), and Spain (intermediate deployment). For all these reasons, misleading estimates may arise from incorporating and merging French, German, and Spanish data within a larger panel model. Another striking observation is that the sets of panel econometric methodologies employed in the literature, along with sample and time periods selections, strongly differ, regardless the energy source considered (renewable or nuclear). In results, related empirical findings remain conflicting, and no consensus has yet been reached on this question. Therefore, this calls for in-depth nuclear- and renewable-GDP investigations using a complete causality testing framework, designed such that, our econometric evidence are expected to confirm or deny previous findings, as well as extend the literature more generally. Third, since this assessment aims at providing high-value information for policy purposes, using a bivariate model may appear limited and sporadic. Thus, additional production function factors (i.e., capital stock and labour) must be included within a multivariate framework. Furthermore, we follow Shahbaz et al. (2013) and include exports as additional variable. Indeed, trade represented 81.8, 59.8, and 58.3% of GDP, for Germany, Spain, and France in 2020, respectively (WDI, 2020). Thus, these open economies heavily depend on their external trade (notably within the Schengen EU area), which explains why exports are easily identifiable as a non-negligible driver of their respective developments. One of the key related-mechanisms is that exports can increase the total factor productivity, improve technology transfer, enhance skills workers, and total production capacity) (Grossman and Helpman, 1990; Rivera-Batiz and Romer, 1991).
Accordingly, this paper empirically examines the interactions operating between two sources of decarbonized energy (renewables and nuclear) and economic growth for three distinct economies: France, Spain, and Germany, all differing in their respective long-run nuclear planning. Before conducting the comparative nexus analysis, a multivariate framework comprising production factors (GFCF, employment, and exports of goods and services), nuclear and renewable energy consumptions, and Gross Domestic Products is set. A complete stepwise causality analysis is then elaborated and presented in the following Section.
DATA COLLECTION AND ECONOMETRIC FRAMEWORK
This Section presents the data, followed by the set-up of our econometric model.
Data Collection
To implement our methodology on our three case studies, namely, France, Spain and Germany, we collected data on nuclear and renewable energy consumption. Both series are expressed in ktoe and taken from the International Energy Agency (IEA, 2009)2. Gross Domestic Product (GDP) data are compiled in constant Local Currency Unit (LCU) as a proxy for economic growth and taken from the World Development Indicators (WDI, 2020)3. Also, production factors such as exports of goods and services (constant LCU) and Gross Fixed Capital Formation (GFCF—constant LCU) are taken from WDI (2020). Finally, data on labour (total employment in thousands of people—belonging to the following age category: 15–74) are compiled from Eurostat (2021), 4. For each variable, we followed the common literature (Apergis et al., 2010; Shahbaz et al., 2013) and transformed them into their natural logarithm form. For all series, data cover the largest and most recent available period: 1983–2019. Table 3 summarizes the main information about the data collection.
TABLE 3 | Data information.
[image: Table 3]Followingly, relevant observations can be drawn from Figure 1. It shows the evolution of NEC, REC and Y series for each country across the past 3 decades. Nuclear energy consumption series are represented on the left-side panel, while the right panel shows renewable energy use series. Finally, the bottom panel display GDP series across time. A visual inspection of the graphs reveals an upward trend for all variables over the whole period studied. Also, slight correlation forces seem arising among renewable energy and growth variables in Germany.
[image: Figure 1]FIGURE 1 | Nuclear (NEC), renewable energy consumption (REC) and economic growth (GDP) series in France, Spain and Germany (1983–2019). Nuclear energy use series for the left panel, renewable energy consumption series for the right panel, GDP series for the bottom panel. Sources: our elaborations based on IEA (2009) and WDI (2020) data.
Key descriptive statistics of the log-series are presented in Table 4. For all series except NEC and REC in Spain, the null hypothesis “the skewness and the excess kurtosis being both zero” of the Jarque-Bera (JB) test was not rejected at 1% significance level, indicating that almost all of the log-series follow a normal distribution. One striking observation is that Germany registered the highest values for mean, median and maximum GDP in the period 1983–2019. Regarding renewable energy trends, this latter country displays the highest value for maximum level of REC, but the lowest value for mean. Conversely, France displays the lowest level of REC whereas the Spanish GDP presents the lowest values of the sample.
TABLE 4 | Descriptive statistics (log-series).
[image: Table 4]Econometric Framework
In what follow is displayed our econometric framework, judged relevant to assess the causal relationships among renewable and nuclear energy sources on the one hand, and economic growth on the other hand, for Germany, France, and Spain. Here, we refer to Apergis and Payne (2010), Magazzino and Schneider (2020), and set up a multivariate framework incorporating capital (GFCF), labor (total employment), and exports (exports of goods and services). In doing so, we augment the conventional Cobb-Douglas production function with renewable and nuclear energy factors (Ocal and Aslan, 2013), which leads us to define our approach as follows:
[image: image]
Where GDP corresponds to the Gross Domestic Product, which is a proxy for economic growth. NE and RE denote the absolute consumption of nuclear and renewables, respectively. K, L, and EXP, refer to Gross Fixed Capital Formation (GFCF), total employment, and exports of goods and services, respectively. Finally, t denotes the time period. With series covering the 1983–2019 period, the log linear specification for each country is specified as follows:
[image: image]
Where the elasticity of nuclear energy consumption, renewable energy consumption, capital, labour and exports are indicated by αNE, αRE, αK, αL, and αEXP, respectively. When implementing such analysis, key steps should be followed prior to effectively test for causality. In first, testing the stationary properties of the series is required. It has been shown that using non-stationary data in causality can yield spurious and misleading causality results because the test will have non-standard distribution (Toda and Phillips, 1993). Our stationary testing procedure comprises the Augmented Dickey-Fuller (ADF, Dickey and Fuller, 1979) test, the Phillips-Perron (PP, Phillips and Perron, 1988) test, the Dickey-Fuller GLS (DF-GLS) test, the Elliott-Rothenberg-Stock (ERS, Elliott et al., 1992) test, and the Kwiatkowski-Phillips-Schmidt-Shin (KPSS, Kwiatkowski et al., 1992) test.
Moreover, to consider deterministic breaks in the series, the Zivot and Andrews (ZA) test (Zivot and Andrews, 2002) is conducted. It accounts for multiple endogenous breaks in both the intercept and the time trend. When identifying integration properties, it modifies the standard ADF regression and includes a dummy regressor within the specification. In doing so, the period when the time break TB occurs can be identified. Considering a series [image: image], the ZA model endogenies structural breaks as follows:
[image: image]
Where the dummy variables [image: image], capturing a switch in the intercept, equals 1; and [image: image], representing a shift in the trend, equals [image: image] if [image: image]; and [image: image] otherwise. This is the most common formulation of the ZA model because it allows for changes in both the intercept and the broken trend. This typically refers to the [image: image]; by comparison to the [image: image] (with [image: image]), which examines whether the series is trend stationary with a break in the mean; and the [image: image] [image: image], which tests for the existence of a trend shift. The ZA model estimates sequentially these three models, ‘[image: image]‘, ‘[image: image]‘, and ‘[image: image]‘. Finally, it ensures that [image: image] is endogenously determined because it allows this latter to occur in any particular year of the time-series, except the first and last one. Finally, the break fraction “[image: image]- ratio of the pre-break sample size to the overall sample” is chosen to lower the one sided [image: image] statistic for testing [image: image] and test the null hypothesis of a unit root process with a break. This is equivalent to:
[image: image]
Once series fill the required stationarity (i.e., namely I (1) series), the cointegration properties should be examined. It corresponds to a situation where two or more time series are bound together in such way that they cannot deviate from each other in the long-run. To determine the number of cointegrating vectors among variables, we apply the Maximum Likelihood Method (MLE) of Johansen (1988), and Johansen and Juselius (1990) on our multivariate model. Consider a Vector Auto-Regressive (VAR) model:
[image: image]
Which can be rewritten as a Vector Error Correction Model (VECM) such that:
[image: image]
Where [image: image];[image: image]; [image: image]; [image: image] is the first difference operator; [image: image] is a constant term; and [image: image] is a white noise error process. To detect the presence of cointegrating relationships among the [image: image] variables, we examine the [image: image] matrix. If [image: image], with [image: image], this implies that there are [image: image] x [image: image] matrices α (matrix of error correction parameters) and β (matrix of cointegration vectors) such that [image: image]. Hence, assuming [image: image] is stationary, there are [image: image] cointegrating relationships among the elements of [image: image]. One must notice that the JJ cointegration test tends to be more reliable than the Engle and Granger (1987) procedure because this latter presents an implicit common factor restriction making the cointegration assessment statistically less powerful5. However, one drawback of this method is the lack of reliable estimations in the presence of significant breaks in the series.
Therefore, we subsequently employ the Gregory and Hansen (1996) cointegration test with breaks based on regime-trend shifts because it allows for the existence of endogenously determined structural breaks in the long-run cointegrating relationship. In this framework, a dummy variable is incorporated to capture a shift in the cointegrating regression. Then, the minimum ADF statistic identifies the breakpoint which is linked to a range of critical values supplied in Gregory and Hansen (1996). The statistic representation of this test is represented in Eq. 7:
[image: image]
Where Yt and Xit refer to the dependent and the independent variables, respectively. [image: image] corresponds to the error term and is assumed to be I (0). [image: image], a dummy variable, is included in the equation. It aims at accounting for a single structural break in the constant, slope, and trend of the data. If our series are found to share the same order of integration, then a long-run relationship can be established among renewable energy use, nuclear energy consumption, GDP, and the three production factors. [image: image] can be defined as:
[image: image]
According to the Granger representation theorem (Granger, 1969, 1988), if evidence of a cointegrating relationship is depicted, this implies causality at least in one direction. However, before conducting a causality analysis, one should estimate a Vector Error Correction Model (VECM). When series are cointegrated, it aims at capturing the dynamic long-run relationship operating among variables (Soytas and Sari, 2006). This model can be traced back to Sargan (1964) and aims at testing for the long-run convergence of variables and correcting for existing disequilibrium. Assuming our variables to be cointegrated, the VECM takes the form of a Vector Auto-Regressive (VAR) model which is then augmented with an Error Correction Term (ECT). This latter parameter captures the long-run speed of adjustment of the independent variables to the dependent one, and thus, can infer evidence of long-run relationship (Magazzino and Schneider, 2020).
The Granger-causality test is a common but robust approach for detecting the existence and the direction of causalities between pair of variables. It consists in detecting correlation forces between the current value of one variable and the past values of another. It is thus widely used in the literature and relevantly adequate for single-country assessments (Guilkey and Salemi, 1982). Consider a standard bivariate Vector Auto-Regressive (VAR) framework and two time series Yt and Xt; the theoretical model of the Granger causality test is as follows:
[image: image]
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Where Δ represents the first difference operator, T is the lag length, [image: image] and [image: image] are the parameters to be estimated, and [image: image] a white noise error process. To determine the existence and the direction of causalities, the Granger-causality test is applied on the group of [image: image] coefficients in Eq. 9, with [image: image]. It tests whether they are jointly significant or not, which is equivalent to examining whether [image: image] = [image: image] = … = [image: image] = 0, then X does not Granger cause Y. While, if the opposite is true and at least one of the [image: image] coefficients is not equal to 0, then the past value of X has a significant predictive capacity on the current value of Y. In this case, X can be said to Granger cause Y. This reasoning is subsequently repeated in Eq. 10 to test for the feedback causality among variables. For each test, notice that the lag-order selection is chosen based on the information provided by the Final Prediction Error (FPE), the Hannan and Quinn Information Criterion (HQIC), and the Akaike Information Criterion (AIC).
Nonetheless, an important critic addressed to the Granger causality test is that the estimates tend to be highly sensitive to the lag length selected. To fill this gap, Toda and Yamamoto (1995) designed a framework allowing for this inference. Unlike the Granger’s method, the Toda Yamamoto causality test can be conducted on all series, regardless their stationary properties [I (0) or I (1)]. Similarly, the cointegration properties of the series are not required to be pre-tested, thus lowering the well-known risks associated with the order’s identification’s stage (Rahman et al., 2017). In doing so, it yields robust results irrespective of the integration and cointegration properties of the variables (Zapata and Rambaldi, 1997). In practice, the TY technique artificially rises the selected lag length (k) (obtained from standard lag selection procedures) by the maximum order of integration (dmax). Therefore, the initial VAR(k) is thus augmented with the maximum order of integration of the variables, which leads to a VAR (k + dmax). Then, causality directions are inspected using a modified Wald (MWALD) test on the augmented VAR specification. This has the advantage of removing the constraints on the VAR model’s parameters without hindering its asymptotic chi-square distribution (Pittis, 1999). The standard specification of the TY test is as follows (Eq. 9):
[image: image]
Where yi,t indicates the response to the Granger causality of z, if [image: image] for all i. In fact, it is equivalent to testing the non-causality among the series (Toda, 1995). For each individual country (France, Germany and Spain), this paper assesses the long-run causalities operating among variables by setting the following specific Toda-Yamamoto causality framework (Eq. 12):
[image: image]
Where [image: image] and ξ denote the parameters for lagged GDP, nuclear energy consumption, renewable energy consumption, capital, labour and exports of goods and services, respectively. Overall, our empirical methodology may raise criticism as it tests for causal relationships within a predefined period only. In this context, variance analyses emerge as insightful because they can test the relative strength of causal linkages ahead of the selected sample period. Under a VAR(k) environment, the Impulse Response Functions (IRFs) trace the reaction of any endogenous variable as a function of time in response to shocks in variables including its own (Becketti, 2013) In practice, one standard deviation shock of the random perturbation term is generated on a specific variable to observe which series react over a 10-periods horizon. Simulating how this trajectory affects the current and future values of endogenous variables enables us to characterize the nature of their dynamic interactions (Xu and Lin, 2017). The IRFs statistic can be formulated as:
[image: image]
Where [image: image] is one element of [image: image], which lies in line [image: image], column [image: image]; and [image: image] is the lag phase. This formula shows that, in the [image: image] period, when the other errors terms are constant, the error term [image: image] of the order [image: image] of the variable impacts the order I of an endogenous variable. Hence, the responses induced by a shock in [image: image] take the form: [image: image], [image: image], [image: image], …, [image: image]; which can be aggregated by using the cumulative response function of [image: image]. Figure 2 summarizes our stepwise causality methodology.
[image: Figure 2]FIGURE 2 | Stepwise causality methodology. Source: our elaboration.
EMPIRICAL RESULTS
To test the stationary properties of the data, we perform the Augmented Dickey-Fuller (ADF, Dickey and Fuller, 1979) test, the Phillips-Perron (PP, Phillips and Perron, 1988) test, the Dickey-Fuller GLS (DF-GLS) test, the Elliott-Rothenberg-Stock (ERS, Elliott et al., 1992) test, and the Kwiatkowski-Phillips-Schmidt-Shin (KPSS, Kwiatkowski et al., 1992) test on log-level series. Results are presented in Table 5. Notice that the optimal lag length has been selected based on the information provided by the Akaike Information Criterion (AIC). For all countries, findings failed to reject the null hypothesis of non-stationarity for log-level-scale series. Excepting ERS test, all stationary tests fail to reject the null of no stationarity at the 1% significance for series in level. In particular, excepting KPSS test for NEC and REC and ERS tests, the hypothesis of non-stationary series is supported for all variables in France. Regarding Spain, two out of the five-unit root tests fail to provide evidence supporting the stationary properties of the series K and NEC. A similar conclusion is drawn for Germany. Therefore, one should rely on a framework incorporating transformed series in first-difference levels.
TABLE 5 | Results of the unit root tests for log-level series.
[image: Table 5]As previously showed, most of the series fail to exhibit stationary properties when used in levels. In Table 6 are presented the associated results. From the set of five distinct unit root tests, one observes that the null hypothesis of non-stationarity can be rejected at the 5% level for all series. Hence, this implies that first differences series present significant stationary properties, while their level variables fail to do so. This indicates that our variables are integrated of order 1 (I (1)).
TABLE 6 | Results of the unit root tests for first difference series.
[image: Table 6]To account for the existence of structural breaks in the series, we employ the Zivot-Andrews (ZA) unit root test as it allows for this inference. Associated results are presented in Table 7. By contrast to Spain, France and Germany exhibit series with strong integration properties, regardless the model specification considered (intercept, or intercept and trend). Also, endogenously breaks are recursively determined in the years 1993 and 2007–2008, indicating the occurrence of shocks in these periods, which in turn, may have modified the linear structure of the series. For all countries and both specifications, the lag length has been selected based on the AIC with a maximum allowed of 10 lags. The Zivot-Andrews unit root tests, vector error correction model and causality tests were previously applied by Işik et al. (2017) to study the relationship between economic growth, pollution, international trade, financial development, and tourism expenditures in Greece.
TABLE 7 | results of the Zivot-Andrews (ZA) unit root test with structural breaks.
[image: Table 7]Once series fill the required stationarity (i.e., namely I (1) series), the cointegration properties can be examined. It corresponds to a situation where two or more time series are bound together in such way that they cannot deviate from each other in the long-run. To assess the existence of cointegrating relationship among variables, we apply the Maximum Likelihood Method (MLE) of Johansen (1988), and Johansen and Juselius (1990) on our multivariate model, which include trace and Max-Eigenvalue tests. Associated results presented in Table 8 support the existence of cointegration in most cases. Therefore, we can state that time series are cointegrated of order one in each country. Nonetheless, before conducting a Vector Error Correction Model (VECM) estimation, the Gregory and Hansen (GH, 1996) cointegration test with breaks based on regime-trend shifts is conducted (Gregory and Hansen, 1996).
TABLE 8 | Results of the Johansen and Juselius (1990) test for cointegration.
[image: Table 8]Following our ZA results, one should employ a cointegration method allowing for the presence of breaks in the series. This is where the Gregory and Hanson (1996) test for cointegration finds its contribution. The GH procedure has the advantage to consider the possibility of endogenously determined structural breaks in the long-run cointegrating relationship. It offers four different models (i.e., constant, constant and trend, constant and slope, constant, slope and trend) that are associated with the four different cointegrating vector’s assumptions. Results displayed in Table 9 unanimously support the existence of a cointegrating relationship among variables for France, Spain, and Germany. However, such findings are hardly stable for Spain and Germany, except when a break in the constant is considered for the former, and in both the constant and the trend, respectively. All in all, in general, the null hypothesis of no cointegration is rejected.
TABLE 9 | Results of the Gregory and Hansen (1996) cointegration test.
[image: Table 9]Estimations of the Vector Error Correction Model (VECM) are presented in Table 10. They yield no significant negative coefficient on the ECT in the NEC, REC, K, and EXP equations at the 10% level. Instead, a negative significant ECT coefficient is exhibited in the GDP equation. For Spain, a significant negative ECT coefficient is revealed for the GDP and K equations only. The expected negative sign associated to the coefficient of lagged error term shows that NEC, REC, K, L and EXP converge to GDP: they adjust to restore the long-term equilibrium state whenever there is a deviation from the equilibrium cointegrating relationship. Finally for Germany, both REC and NEC equations display significant negative ECT coefficients, which implies that there exists a long-run convergence from the above-variables to REC and NEC, respectively. The R-square, RMSE and χ2 are displayed for each equation long-run estimation. Finally, the diagnostic testing for errors autocorrelation and normal distribution were carried out and confirmed the model’s robustness. To minimize the length of the paper, these latter results are available upon request.
TABLE 10 | VECM estimation results.
[image: Table 10]Once the presence of cointegrating properties have been depicted, the Granger causality analysis can be conducted on stationary data series. The Granger-causality test is a common but robust approach for detecting the existence and the direction of causalities between pair of variables. In line with the Granger representation theorem (1969, 1988), when evidence of a cointegrating relationship is depicted, this implies causality at least in one direction. Results derived from the causality analysis are presented in Table 11. Notice that the lag-order selection is chosen based on the information provided by the Final Prediction Error (FPE), the Hannan and Quinn Information Criterion (HQIC), and the Akaike Information Criterion (AIC). Associated results show no evidence of causal linkages among variables for France. However, regarding Germany, the hypothesis that the lagged value of economic growth does not Granger cause variation in REC can be rejected at the 10% significance level because its associated p-value is 0.062. This suggests the existence of a unidirectional Granger causality from GDP to REC in Germany, without feedback. Finally, no significant causal relationship is revealed among energy and economic indicators. Instead, a one-way causality is established from K to GDP, and from K to L.
TABLE 11 | Results of the Granger causality (1969, 1988) test.
[image: Table 11]An important critique addressed to the Granger causality test is that the estimates tend to be highly sensitive to the lag length selected. For robustness, Toda Yamamoto causality test is applied. Unlike the Granger’s method, the Toda Yamamoto causality test can be conducted on non-stationary series (I (0) or I (1)). Similarly, the cointegration properties of the series are not required to be pre-tested. In doing so, this methodology yields robust estimates irrespective of the integration and cointegration properties of the variables (Zapata and Rambaldi, 1997). In Table 12, results of the Toda-Yamamoto (Toda and Yamamoto, 1995) causality test are presented. The TY was applied with a maximum order to integration m equal to 1. The study of the p-values of the MWALD statistic brings fruitful insights. Above all, estimates confirm the absence of causal relationships between NEC and GDP, as well as between REC and GDP in France, which is in line with the previous Granger’s outcome. Furthermore, Spanish results fail to exhibit evidence supporting the presence of a unidirectional causality running from REC to GDP, which corroborates the Granger’s results. Nonetheless, one striking observation is that TY findings underline the existence of a one-way link from NEC to GDP significant at the 10% level, without feedback. For Germany, however, no significant link is depicted from GDP to NEC, but a significant one-way causality from NEC to GDP displays a 10% level significance. This again supports the Granger-based results drawn previously. Besides, additional causal linkages are exhibited by the TY procedure, thought to be more powerful, consistent, and reliable than the standard Granger one. They comprise one-way causalities running from GDP, EXP and REC to L in France; from GDP, L, EXP and NEC to K in Spain; from GDP, EXP and NEC to K in Germany; and in majority 1% level significant.
TABLE 12 | Results of the Toda-Yamamoto causality (1995) test.
[image: Table 12]In a last stage, Impulse Response Functions (IRFs) are conducted, and outcomes from this variance analysis are presented in Figure 3, Figure 4, and Figure 5. In a nutshell, this procedure simulates how long and to what extent the dependent variables reacts to shock in forcing variables.
[image: Figure 3]FIGURE 3 | Impulse Response Functions for France. Source: our elaboration.
[image: Figure 4]FIGURE 4 | Impulse Response Functions for Spain. Source: our elaboration.
[image: Figure 5]FIGURE 5 | Impulse Response Functions for Germany. Source: our elaboration.
Above all, some interesting insights are the positive and negative responses of REC and NEC to GDP, respectively. However, they do not consistently relate to the causality inferences presented above. Furthermore, empirical findings fail to show a consistent and positive response of GDP to REC. In addition, the response of GDP to one standard deviation shock in NEC is weak, negligible, and dies over the 10 times horizons. These inferences are in line with those of the Granger and Toda-Yamamoto causality tests performed before, and which confirmed the absence of causal linkages among NEC and GDP variables on the one hand, and REC and GDP indicators on the other.
For the case of Spain, IRFs results fail to show evidence of consistent responses of NEC and REC to GDP, and vice versa. Again, such inferences are in line with the causality findings established above, and which failed to provide evidence supporting the existence of statistically significant causal linkages among REC and GDP variables. Instead, only a small positive response of NEC to GDP is revealed here but becomes negligible after three periods. This latter element echoes to the one-way causality from NEC to GDP revealed above by the Granger and Toda-Yamamoto tests, and which succeeded to reach the 10% significance level only.
Regarding Germany, we observe a consistent positive response of REC due to one standard deviation shock in GDP for 10 times horizons. Nonetheless, such evidence is not observed when looking at the response of NEC to GDP, GDP to REC, GDP to NEC, as these latter are weak, negligible and unsignificant. Accordingly, these findings corroborate the causality findings drew by the Granger and Toda-Yamamoto procedures, and which supported the existence of a statistically significant one-way causality running from GDP to REC only, and without feedback.
POLICY IMPLICATIONS AND DISCUSSION
A figure summarizing these causal inferences can be found in Appendix. However, given the explicit aim of the paper, only the linkages operating among economic growth, renewable energy consumption and nuclear energy use are displayed herein.
This Section aims at discussing the obtained results by comparing them with the most recent and relevant literature. All samples of countries presented below comprise either France and/or Spain, and/or Germany. For each country, our comparative nexus analysis conducted on a multivariate framework comprising also labour force, Gross Fixed Capital Formation and exports of goods and services drew contrasted evidence. Hence, this calls for country-specific recommendations. Above all, our results confirm the absence of significant causal linkages among energy (renewable and nuclear) and economic indicators in France, which is congruent with the “neutral hypothesis” for both resources.
With respect to nuclear, our findings first contradict with the econometric outcomes depicted in Apergis and Payne (2010) for 16 countries, Apergis et al. (2010) for 19 developed and developing countries, and Wolde-Rufael and Menyah (2010) for nine developed countries, and Pilatowska et al. (2020) for the single case of Spain. As a matter of fact, all these above-mentioned assessments confirmed the presence of a bidirectional causality among nuclear energy use and economic growth, which calls for the “feedback hypothesis”. Furthermore, our conclusions differ from those of Yoo and Ku (2009) for six countries and Mbarek et al. (2015) for the single French case, as they both provided support to the “growth hypothesis”. However, our inferences are in line with those of Lee and Chiu (2011), Saidi and Ben Mbarek (2016), and Ozcan and Ari (2017) for six developed countries, nine advanced economies, and 13 OECD countries, respectively. Indeed, these studies claimed unanimously support for the “neutral hypothesis” for France, but also Spain. This echoes to Apergis et al. (2010) who showed that the inefficient use of nuclear energy associated with the relatively high capital costs and subsequent disposition of radioactive waste may explain the absence of causal relationships. Finally, our German insights supported the “conservation hypothesis” since a one-way significant causal linkage from economic growth to nuclear energy use has been revealed. To the best of our knowledge, this is the first time that evidence of this hypothesis is drawn for Germany in the literature. This contradicts with Azam et al. (2021) who highlighted that a one-way causality operates from nuclear to economic indicators in the top 10 largest polluters, but not vice versa.
Furthermore, the absence of causal relationship between renewable energy use and economic activity in France is in line with the outcomes of Pilatwoska and Geise (2021) for France and Sweden. However, the validation of the “neutral hypothesis” contradicts with a strand of the literature, including Sadorsky (2009) for G-7 countries, Apergis et al. (2010) for 14 developed and five developing countries, Hung-Pin (2014) for nine OECD countries, Ito (2017) for 42 developed economies, and Radmehr et al. (2021) for 21 EU countries. Regarding Spain, our results fail to demonstrate the existence of a strong unidirectional causality from renewable energy consumption to economic growth. Instead, a weak one-way relationship is established, in line with the “growth hypothesis”. This echoes to the panel evidence drew on the top 38 renewable energy consuming countries in Bhattacharya et al. (2016); and the non-parametric findings obtained from 40 global ranked Renewable Energy Attractive Country (RECAI)6 in Ivanovski et al. (2021). The connection between economic growth and renewable energy consumption was previously studied for France, Spain, and Germany using bootstrap panel Granger causality test for a larger sample of countries. The results indicated that renewable energy consumption generates economic growth in Spain, while economic growth is cause for renewable energy consumption (Isik et al., 2018). Unlike the common literature, one easily sees that our comparative analysis failed to provide homogeneous nexus conclusions for France, Germany, and Spain. This raises question on whether generalizing causal inferences to countries displaying similar economic characteristics remains accurate and consistent. One the one hand, the study of the nuclear-GDP nexus led to the common validation of the “feedback hypothesis” for samples of advanced countries (Apergis et al., 2010; Apergis and Payne, 2010; Wolde-Rufael and Menyah, 2010; Lee and Chiu, 2011; Omri et al., 2015; Pilatwoska et al., 2020). On the other hand, the present findings contradict with the theory that countries with comparable stages of development may adopt similar energy strategies (Dagher and Yacoubian, 2012). Indeed, Apergis and Payne (2011) categorized 88 countries into four distinct panels and according to the World Bank income classification. Based on their results, they argued that the nature of the energy use-economic growth nexus is partly determined by the country’s stage of development, although electricity was the only source considered. While the results for the low-income country panel indicated support for the “growth hypothesis” (which underlines that energy plays a crucial role in the development process), the interdependence between energy consumption and economic growth was found to shift towards a feedback channel as income grows. In this paper, we demonstrate that such statement is fragile, indicating that the nuclear energy hypotheses found above fail to be identical across Germany, France, and Spain, and thus can hardly be generalized to economies sharing comparable stages of development in Europe. Additional cofounding factors may interfere with this nexus, and notably the level of energy intensity. For instance, Aydin and Esen (2018) estimated a threshold level of energy intensity, after which energy use substantially jeopardizes growth. By implication, this study positioned itself in the vein of this literature and predicates that each country may develop its own energy strategy given its peculiar economic characteristics.
CONCLUDING REMARKS AND POLICY RECOMMENDATIONS
The objective of this study is to provide additional insights to the ongoing debates rooted around the potential of nuclear and renewables in supplying enough inputs to industrial sectors, while lowering the release of harmful pollutants. This paper investigates the dynamic interactions operating between two sources of decarbonized energy (renewables and nuclear) and economic growth for three distinct economies: France, Spain, and Germany, all differing in their respective long-run nuclear planning. Before conducting the comparative nexus analysis, a multivariate framework comprising production factors (GFCF, employment, and exports of goods and services), nuclear and renewable energy consumptions, and Gross Domestic Products is set with series spanning the 1983–2019 period. A complete stepwise causality analysis has been elaborated. It comprises stationary (Augmented Dickey-Fuller (ADF) test, Phillips-Perron (PP) test, Dickey-Fuller GLS (DF-GLS) test, Elliott-Rothenberg-Stock (ERS) test, Kwiatkowski-Phillips-Schmidt-Shin (KPSS) test, Zivot and Andrews test with structural breaks (ZA) - 1), cointegration (Johansen and Juselius (JJ) test of cointegration, Gregory and Hansen (GH) cointegration test with breaks based on regime-trend shifts - 2), long-run convergence (Vector Error Correction Model (VECM)), causality (Granger causality (GC) test, Toda-Yamamoto non-causality (TY) test-3), and variance analysis (Impulse Response Functions (IRFs)—4) stages.
Empirical results derived from the time-series procedure failed to support the existence of econometric causality among renewable energy use and economic growth in France and Spain, which is congruent with the “neutral hypothesis”. Besides, findings confirmed the absence of causal linkage between nuclear energy consumption and the growth of the French and Germany economies, again in line with the “neutral hypothesis”. Nonetheless, a weak one-way causality is revealed from renewable energy use to GDP in Germany whereas a substantial unidirectional linkage running from economic growth to nuclear energy consumption in Spain. While a former is said to weakly corroborate the “growth hypothesis”, the latter can be seen as a strong validation of the “conservation” one. The economic growth was previously identified as cause for renewable energy consumption by Isik et al. (2018). Based on that, country-specific recommendations can be designed, along with global implications.
To reconcile economic and climate targets in the EU zone, a temporal balance between the closure of nuclear power plants and the growth of electricity production based on renewable energy sources is required in Germany. When the power demand is growing, the deployment of a bridging fuel (i.e., coal or natural gas) becomes even more crucial to fill the electricity gap induced by the progressive abandonment of nuclear. Otherwise, if the phase-out is not sufficiently timely managed, it has been demonstrated that adverse effects may impact the growth of this economy, starting by electricity shortages, supply chain disruptions, and efficiency losses (Schneider and Vallet, 2019; Scherwath et al., 2020). However, the confirmation of the “conservation hypothesis” for Germany indicates that changes in GDP are more likely to significantly affect nuclear energy consumption trends than the opposite. If a set of conditions is reunited, implementing nuclear energy conservation measures by progressively shutting-down nuclear plants across the territory is thought to limit the expected externalities on the most productive and energy intensive sectors. For these reasons, it is also recommended for Spain to develop its electricity trade agreements with foreign suppliers, only channel able to compensate the future nuclear energy abandonment when the share of renewables in the supply mix is insufficient. As stated before, the validation of the “growth hypothesis” with respect to its renewables-GDP nexus has far-reaching policy implications for Spain. Notably, any conservation policy aiming at reducing the share of this resource in the total supply may adversely impact the growth of the economy. Conversely, because this latter energy source operates as an input in the production process and plays a role alongside other factors (capital and labour), deploying solar, wind, biomass and hydropower installed capacity might trigger GDP, which is congruent with the renewables-led-growth here validated here. Hence, since this economy is a renewable-energy dependent one, there is a point in enforcing massive public investment in the low-carbon sector. In France, the absence of causal linkages among both energy sources (renewables and nuclear) and economic growth is striking. However, such results strongly corroborate the literature on this topic, which emphasizes that the relatively high capital costs associated with the growing collection, storage and treatment of radioactive waste may trigger inefficiency losses, and, in fine, interfere with the nuclear-GDP nexus. Further investments aiming at reducing these economic and environmental costs are needed to reestablish a beneficial relationship among the nuclear and economic domains and enhance the global public awareness about this issue.
Our approach is in line with recent studies for other countries. As in the case of Spain, for India, Bandyopadhyay and Rej (2021) showed that the adoption of nuclear energy in the booming phase of the economy has a “tunnelling effect” on the economic growth. Toda-Yamamoto approach was also employed by Kirikkaleli et al. (2021) to study the causality between nuclear energy consumption and economic growth in the United Kingdom in the period 1998–2017. Moreover, wavelet coherence tests were applied and the results revealed causality from economic growth to nuclear energy consumption and a positive correlation between these indicators only in the short-run in the period 2002–2006.
In an open economy, the expansion of regional trade of renewable energy between Africa and Europe should be made faster through suitable physical electrical connections and better physical integration in European electricity grids. Spain’s interconnection with the other countries in the EU is limited and this country had excess generation capacity because of the recent economic crisis. In this context, reinforcement of electricity transmission interconnections should be a priority that could enhance economic growth in Spain and in other European countries. In the context of energy crisis determined by Covid-19 pandemic, the EU countries should consolidate the energy mix. For example, France could develop more modular nuclear reactors.
Some limitations of the study should be mentioned. First, the results are sensitive to analyzed period and to methods that were employed. One alternative method might be represented by wavelets analysis. When adequately employed, advanced Machine Learning (ML) methodologies derived from Artificial Intelligence (AI) can confirm, complement, and extend time-series econometric results. An example is the Artificial Neural Networks (ANNs) experiments conducted on the nuclear phase-out in Switzerland in Magazzino et al. (2020), or the predictive nuclear liquid-gas phase transition model from Wang et al. (2020); but much more needs to be done. If data availability allows that, regional and sectoral evidence could be provided, along with country-level forecasting. Second, other control variables could be added in the models (eg, electricity price). In a future study, electricity price will be considered in the models since the growth of these prices could enhance the use of nuclear energy. Further insights may be drawn from the study of early and relevant nuclear abandonment policies on other study case.
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FOOTNOTES
1For an exhaustive analysis of the impact of the Fukushima nuclear accident on European energy policy, see Wittneben (2012).
2Nuclear and renewable energy consumption series are available at: https://www.iea.org/data-and-statistics.
3GDP, GFCF and exports series are available at: https://databank.worldbank.org/source/world-development-indicators.
4Employment data are available at: https://www.iea.org/data-and-statistics.
5See Kremers et al. (1992) and Gonzalo (1994) for a more exhaustive discussion on this topic.
6According to the RECAI index supplied by Ernst and Young: https://www.ey.com/en_uk/power-utilities/renewable-energy-country-attractiveness-index.
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APPENDIX
Figure A1 Summary of Causal Directions for France, Spain, and Germany. Source: our elaboration. Note: GDP, REC, and NEC refer to Gross Domestic Product, renewable energy consumption, and nuclear energy consumption, respectively. The blue line corresponds to the results related to France, the red line represents the German ones, whereas the green plot coincides with Spanish insights. SC, WC and X refer to Strong Causality, Weak Causality, and no causality, respectively. For each country, the comparative nexus analysis has been conducted on a multivariate framework comprising also labour force, Gross Fixed Capital Formation and exports of goods and services. However, given the explicit aim of the paper, only the linkages operating among economic growth, renewable energy consumption and nuclear energy use are displayed above.
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