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Abstract

:

This study explores the impact of clean energy and non-renewable energy consumption on CO2 emissions and economic growth within two phases (formative and expansion) of renewable energy diffusion for three selected countries (France, Spain, and Sweden). The vector autoregression (VAR) model is estimated on the basis of annual data disaggregated into quarterly data. The Granger causality results reveal distinctive differences in the causality patterns across countries and two phases of renewables diffusion. Clean energy consumption contributes to a decline of emissions more clearly in the expansion phase in France and Spain. However, this effect seems to be counteracted by the increases in emissions due to economic growth and non-renewable energy consumption. Therefore, clean energy consumption has not yet led to a decoupling of economic growth from emissions in France and Spain; in contrast, the findings for Sweden evidence such a decoupling due to the neutrality between economic growth and emissions. Generally, the findings show that despite the enormous growth of renewables and active mitigation policies, CO2 emissions have not substantially decreased in selected countries or globally. Focused and coordinated policy action, not only at the EU level but also globally, is urgently needed to overhaul existing fossil-fuel economies into low-carbon economies and ultimately meet the relevant climate targets.
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1. Introduction


Global warming and climate change have been the most serious environmental problems facing human society since the mid-20th century [1]. As the main contributors to these changes are greenhouse gas emissions, primarily CO2 emissions, from the burning of fossil fuels, countries around the world have focused on how to reduce these dirty energy sources. However, global actions taken to abate carbon emissions have not been fully successful. The first agreements on climate change, like the Kyoto Protocol and the Copenhagen Climate Change Conference (COP15), were unsuccessful because the decisions made therein had no binding force among the relevant parties. The most recent climate conferences, COP21 (the Paris Agreement in 2015) and COP22 (UNFCCC at Marrakech 2016), have binding force. Their goal is to promote actions to limit global warming to well below 2, and preferably 1.5, degrees Celsius by 2050, compared to pre-industrial levels. In this situation, there is a need for urgent global actions, which climate researchers have been promoting for many years [2,3]. In response, the latest agreement (December, 2020) among EU leaders involves setting an ambitious target to cut greenhouse gas emissions by 55% compared to the 1990 levels by 2030 [4]. Without the necessary involvement of leaders and policymakers, energy-related emissions will more than double [5], and it will become impossible to stop the adverse consequences of environmental pollution (rising global temperatures, rising sea levels, air pollution, food scarcity, hurricanes, droughts, extreme heat waves, etc.).



On the other hand, the close link between carbon emissions and economic growth makes the feasibility of a successful global climate strategy very challenging and even conflicting, as both developed and developing economies want to maintain their economic growth at sustainable rates. However, the vast body of economic literature [6,7,8,9,10] indicates that it is possible to reconcile a low-carbon strategy with economic growth. It is, therefore, not surprising that many researchers are looking for evidence that economic growth can be decoupled from emissions, i.e., where economies grow but emissions stabilize or decrease [6,9,11,12,13,14,15].



Environmental policy analysts commonly assume that the development of clean energy sources, both nuclear and renewable energy (hydro, solar, wind, biomass, and geothermal), will contribute to the decoupling of economic growth from carbon emissions [16,17,18] and provide solutions to the problem of climate change and energy security [19,20,21,22,23]. Indeed, the contribution of clean energy sources to the mitigation of GHG emissions is substantial. Over the past 50 years, nuclear power plants have contributed to a significant decrease in the amount of GHG emissions produced by the electricity sector in the Organization for Economic Cooperation and Development (OECD) countries. Over the period of 1970–2015, nuclear power avoided around 68 gigatonnes of CO2 emissions in total, which is almost equal to the entire actual emissions from the power sector over 2010–2015 [24]. However, the position of nuclear energy as a low carbon emission energy source may be negated by the danger of nuclear incidents (such as Chernobyl and Fokushima incidents) and the adverse environmental impacts of radioactive wastes [25]. This enormous risk linked to nuclear energy has already led some countries to replace nuclear with renewable energy, using gas as a backup (e.g., Germany has decided to phase out nuclear power plants by 2022, and Spain plans to do the same by 2030).



As a result of phasing out nuclear power plants and the need to meet climate targets, renewable energy in the power sector has been registering unprecedented rates of growth since the last decade. In 2019, over 27% of global electricity came from renewables, up from 19% in 2010 [26]. This remarkable rise is attributed largely to continued declines in cost for green technologies. However, the share of renewable energy in heating and cooling (10.1%) and transport (3.3%) in 2019 was alarmingly low, which is related to the ongoing dependence on fossil fuels and the lack of policy support for renewables in these sectors [26]. Despite growing faster than fossil fuels and nuclear energy, renewables accounted for less than a third of the total increase in final energy demands in 2019 [26]. This indicates that the global share of renewable energy is only slightly increasing. Therefore, the question whether renewable energy development can decouple economic growth from CO2 emissions remains to be answered empirically; this question is what our study addresses.



The term ‘decoupling’ refers to renewable energy having a countereffect on emissions such that emissions will stabilize or decline due to the rise in renewable energy production, even though economic growth has a positive effect on emissions [12,27]. Hence, ‘decoupling’ is a multicausal process with some factors spurring emissions, such as economic growth and fossil fuel energy sources, and other factors suppressing emissions, such as renewable and nuclear energy production. The potential stabilization or decline of emissions may be the result of this process. Moreover, this interaction between various factors affecting emissions may differ depending on the two phases of renewable energy diffusion, which usually are distinguished according to the product or industry life cycles, i.e., a formative phase and an expansion phase, which differ in terms of their technical changes, patterns of entry/exit, and the market growth rates [28,29,30].



The purpose of this study is to explore the dynamic interrelationship between economic growth and CO2 emissions, highlighting the important impact of both clean energy consumption (renewable and nuclear energy) and non-renewable energy sources (coal, oil, and gas) in the context of three selected European countries (France, Spain, and Sweden) that exhibit high economic development and have been leaders in the implementation of green energy in Europe. Our study contributes to the literature in several ways. First, it empirically examines the impact of various sources of energy (renewable, nuclear, and non-renewable) on CO2 emissions and economic growth within two phases of renewable energy diffusion (the formative and expansion phases). This is a novelty of our research, as, to the best of our knowledge, none of the previous studies have considered potentially different causal patterns of the abovementioned relationship depending on the phases of renewable energy diffusion using time series data. To realize this goal, the time series data have been converted from an annual to quarterly frequency to avoid the sample size problem. Then, to evaluate the impact of disaggregated energy sources on CO2 emissions and economic growth, the time series approach (the VAR model) incorporating causality analysis is used, as well the impulse response function for each country separately, while most studies focus on a group of countries using panel models whose underlying fundamental homogeneity assumptions have been called into question [31]. Second, we explore whether renewable and nuclear energy consumption decouples economic growth from carbon emissions and whether the evidence for decoupling (if any) is more noticeable in the evolution phase than in the formative phase of renewable diffusion, which might be expected after the dramatic rise in renewable energy sources during the last twenty years. This result will offer useful and relevant information for policy makers about the impact of disaggregated energy consumption (or its optimal mix) for sustained economic growth in the countries under study and assess how possible it is to meet the climate change targets. Third, we inspect whether renewables have the tendency to replace nuclear power instead of fossil fuels [27,32], especially in the expansion phase of renewable diffusion.



The rest of the paper is organized as follows. Section 2 reviews the literature. Section 3 provides a description of the data and methodology applied in this study. Section 4 studies the empirical results, including the Granger causality and impulse response function based on the estimated VAR models in the context of both the formative and expansion phases of renewable energy diffusion for each country under study. Finally, Section 5 provides the conclusions.




2. Review of the Literature


With the increasing awareness of climate change and global warming, a large number of studies have emerged to examine the relationship between energy consumption, economic growth, and pollutant emissions [33,34,35,36,37,38]. However, the findings provided by these studies are diverse and inconclusive with regard to the direction of causality. This has led to mixed conclusions and multiple policy implications, mainly due to the differences of the countries and their levels of economic development, time periods, econometric approaches, and model specifications [38].



In the last few decades, scholars have started paying attention to clean energy development and its role both in reducing carbon dioxide emissions and in achieving sustainable economic growth [39,40,41,42,43,44,45,46]. This new trend in the literature involves two aspects, one focusing on the impact of clean energy on the reduction of carbon dioxide emissions and the other examining the influence of clean energy to promote economic growth.



In the first context, some studies [39,41,44] found evidence that nuclear energy can reduce carbon emissions, while others [20,21] detected the opposite, i.e., insignificant contributions of nuclear energy to mitigate carbon emissions but a negative and significant association between renewable energy consumption and carbon emissions. This finding has also been confirmed by other researchers [42,46,47,48]. In contrast, the authors of the papers [39,40,49,50,51,52] noted that renewable energy is not significantly effective at mitigating emissions, mainly because of the lack of storage technology; as a result, there are difficulties in guaranteeing a continuous supply effectively due to the immaturity of the renewable energy sector together with the low share of renewables in the total energy production [51].



In the second context, the development of clean energy may boost economic growth (the promotion theory) or hinder economic growth (the inhibition theory) [53]. To detect the direction of causality between these two variables, four hypotheses were considered: the growth hypothesis, conservation hypothesis, feedback hypothesis, and neutrality hypothesis. Many studies that use nuclear energy [54,55] or renewable energy [42,45] as a proxy for clean energy have found support for the growth hypothesis, which indicates that investing in clean energy construction fosters economic growth through the generation of new businesses and employment opportunities, as well the import substitution of energy [56,57]. In turn, other researchers have shown that renewable energy consumption increases as a result of economic growth, which is consistent with the conservation hypothesis [39,58,59]. Other findings support the feedback hypothesis, indicating that clean energy consumption and economic activity are interdependent and complement each other [40,60]. Finally, some studies have confirmed the neutrality hypothesis, which may result from the immaturity of the clean energy market [39,61,62] or indicate that the economy grows independently of the development of renewable energy.



While the effect of overall energy consumption (and particularly clean energy) on pollutant emissions and economic growth has been widely examined, studies investigating the impact of disaggregated energy consumption, i.e., both renewable and non-renewable energy consumption on both variables, have not been conducted as extensively [47,48,63,64,65]. Such an approach can provide a better understanding of the energy–emissions–economic growth nexus. Moreover, the share of non-renewable energy consumption in total final energy consumption, in industry, agriculture, transport, and buildings is still overwhelming (85.5%, 96.7%, and 86.4%, respectively [26]), while the share of renewables in overall energy consumption has not increased considerably and in 2019 accounted for 27% of global electricity, even though the renewable energy sector has witnessed tremendous growth [26]. Therefore, in this paper, the effect of both energy sources, renewable and non-renewable energy consumption, on pollutant emissions and economic growth is investigated.



Notably, the findings from the literature on the effects of clean energy consumption (renewable and nuclear) on both carbon emissions and economic growth are mixed and depend on the method used, the country coverage, and the time periods. Moreover, most studies consider the impact of clean energy consumption on emissions and economic growth using a linear model with few exceptions [66,67,68,69]. For instance, the authors in [67] used the panel threshold regression method and found that the impact of renewable energy consumption on economic activity depends on the amount of renewable energy used, i.e., this impact is positive and significant only for countries surpassing a certain threshold of renewables. For future research, all these studies recommend the use of a methodology that can examine the potential asymmetrical linkages between clean energy, emissions, and economic growth. In this paper, the linear model is applied, while the above recommendation is realized in a different way—by considering the energy–emissions–economic growth nexus within two phases of renewable energy diffusion, i.e., the formative and expansion phases [70].




3. Data and Methodology


3.1. Data Description


Our study examines the relationship between CO2 emissions, disaggregated energy consumption (renewable, nuclear, and non-renewable), and GDP growth rate for three countries: France, Spain, and Sweden. These countries have registered high levels of renewable energy since the mid-1970s, making it possible to distinguish the formative and expansion phases of renewable energy diffusion; simultaneously, these countries have a high share of nuclear energy in their total electricity generation, which enables us to assess not only their impact on CO2 emissions but also how both clean energy sources interact with each other. Annual data (for the period of 1965–2019) for carbon dioxide emissions (CO2) in millions of tonnes, renewable (RES) and nuclear (NUC) energy consumption (in millions of tonnes of oil equivalent, mtoe), and non-renewable energy consumption (NRES, in mtoe) were collected from the BP Energy Outlook 2020 database. The renewable energy consumption includes solar, wind, geothermal, biofuels, and waste electric power consumption, while non-renewables include energy consumption from the burning of fossil fuels (coal, oil, and gas). The growth rate of the GDP (in 2015 U.S. dollars) is taken from the OECD database. All data for the energy sources and CO2 emissions are expressed per capita using population data from the OECD database.



Figure 1 shows that all countries exhibited similar patterns of clean energy evolution, i.e., since the end of the 1970s, there has been a substantial increase in their nuclear energy consumption, along with an increase in renewable energy consumption since 2000. It is symptomatic that increases in RES consumption are accompanied by decreases in nuclear energy, which suggests that renewables have a tendency to squeeze out nuclear energy. The evolution of non-renewable energy consumption differs among the countries under study—e.g., France and Sweden show continuing decreases in NRES since the mid-1970s, but Spain has shown a decrease only since the 2000s. Further, carbon dioxide emissions have declined in France and Sweden as the nuclear power plants began operation and commercial service at the end of the 1980s, while the decline of CO2 emissions in Spain did not emerge until 2005 since the large-scale deployment of renewables and decrease in primary energy consumption due to improvements in energy efficiency. Moreover, CO2 emissions and the GDP growth rate seem to be coupled in France and especially in Spain, while in Sweden, a steady decrease of emissions has been accompanied by the stable growth rate of the GDP (except during the 2008 financial crisis), which suggests that the decoupling of economic growth from CO2 emissions has occurred.



The share of energy from renewable sources in the gross final energy consumption is still growing (Table 1) in the countries under study and generally in the EU (18% in 2018). While Sweden is the unquestionable leader (54.6%), France and Spain are only 5.4 and 2.6 pp away from their targets respectively. To reach at least a 32% share of renewable energy in the EU by 2030, it is urgent to intensify efforts both among member states and at the EU level; moreover, the growth of the renewable energy share seems to have slowed down in the last years (Table 1). This slower growth in renewable energy can be the result of phasing out subsidies for renewable energy production in the EU countries by replacing mandatory feed-in tariffs to an auction process in which all green energy operators compete equally for government funds. Consequently, renewable energy projects become less attractive investments, as investors keep contract prices down in order to win the bids [71]. However, despite the impressive increase in renewable energy usage, progress in reducing carbon dioxide emissions has been too slow to achieve global climate targets.



Table 2 shows that the generation of electricity and heat, together with transport, accounted for about 60–70% of the total emissions in the countries under study in 2017. While renewables have grown rapidly in the power sector, in heating and transport far fewer advances have occurred due to insufficient policy support and slow developments in new technologies [26]. Especially, transport remains the sector with the lowest share of renewable energy (mainly biofuels). Moreover, gains in energy efficiency and growth in biofuels and electric vehicles are offset by rising energy demands in transport, which result in oil and petroleum products producing pollutant emissions [26].




3.2. Methodology


To investigate the impact of clean energy consumption (renewable and nuclear) and non-renewable energy consumption on carbon emissions and economic growth, the vector autoregression model of order p, VAR(p) is considered [72]:


   Y t  = c +  π 1   Y  t − 1   +  π 2   Y  t − 2   + … +  π p   Y  t − p   +  ε t  ,  








where Yt is the (n × 1) vector of endogenous variables, c is a constant,  π i – (n × n) is the matrix of the autoregressive coefficients for i = 1, 2, …, p, and εt is an (n × 1) vector of error terms with a zero mean and the variance–covariance matrix Ω.



In this paper, a five-variable VAR model for each country under study is used. Therefore, the vector of endogenous variables includes Yt′ = [CO2, RES, NUC, NRES, GDP], where CO2 is the carbon dioxide emissions in tonnes per capita, GDP is the growth rate of the gross domestic product (in constant 2015 U.S. dollars), RES is the renewable energy consumption in tonnes of oil equivalent (toe) per capita, NUC is the nuclear energy consumption in toe per capita, and NRES is non-renewable energy consumption in toe per capita.



Using the VAR model, it is possible to examine the interactions among all endogenous variables capturing the complex dynamic linkages in economies and to estimate the impact and effects of shocks in each variable on both that variable and other variables. In the context of our study, this means that shocks in renewable and nuclear energy consumption may affect CO2 emissions directly or indirectly through other variables such as the GDP growth rate and non-renewable energy consumption.



Further, all data have been converted to quarterly observations by means of the Denton‒Cholette method [73] in the Eviews software to take advantage of a larger number of observations when estimating the VAR model within both phases of renewable energy diffusion (formative and expansion) for each country under study.



A significant step in the study was to determine the point in time that separates the formative phase from the expansion phase of renewable energy diffusion. There are two main approaches for this step known in the literature. The first approach is based on determining the share of electricity production from renewable energy sources in total electricity production. The second approach involves using statistical tests for the structural breaks [30,70]. As there is no clearly defined way to determine the take-off time in the literature, our study uses both approaches, which were additionally combined with a graphical analysis of changes in the evolution of renewable energy and the results of testing the statistical properties of the residuals in the VAR models for both phases.



To detect the end of the formative phase and the beginning of the expansion phase, we determined the cumulative changes in renewable energy consumption and measured ‘the beginning of the movement’ by the take-off year when renewables reached 1% of the electricity market, which might signal the end of the formative phase [30,70]. Simultaneously, we combined this process with seeking the time point when the changes in renewable energy became visible on charts through slope changes in the trend line.



In the case of France, we established 2004 as the take-off year; although renewables overtook 1% of the electricity market only in 2006, the change in the slope trend appeared earlier. This change corresponds to the moment when France adopted its Climate Plan (in 2004) to meet the targets of the Kyoto Protocol, but changes in regulations aimed at supporting the development of renewable energy sources in electricity generation had been underway since 2000. However, renewable energy development has been reported as ‘large’ and ‘very quick’ since 2007 [74,75]. Before the 2000s, nuclear energy was highly accepted as a stable energy provider, although France introduced a feed-in system to support renewable energy development as early as 2000. In 2012, the new government made important decisions with implications for the energy transition process, i.e. to reduce the share of nuclear power in electricity generation to 50% by 2025 (later extended to 2035), shut down the country’s oldest nuclear station (the first step has been taken only in 2020 when a gradual shutdown of Fessenheim plant has begun), and rely more on renewable energy sources to close the energy gap and help fight climate change [76]. Though France has started the first in a series of closures, the country will not altogether abandon its reliance on nuclear power (more than 70% of the country’s electricity generation). Moreover, the French Nuclear Energy Society (SFEN) has reported that France’s energy security by 2050 is at risk if the country’s electricity system is to rely only on the large-scale deployment of renewable energies as well as on technologies still under development [77].



In the case of Spain, 1994 was a breakthrough year, although a 1% share of renewables was registered only in 1997. Nevertheless, this result is consistent with the political, economic, and socio-technical changes that started to take place in Spain in the mid-1980s. Prior to 1994, the Spanish wind-power sector remained relatively stagnant, although the first grid-connected wind farm was installed already by 1984 in Spain. The clear targets and incentives for renewable energy production and investments were introduced and defined after the approval of a new National Energy Plan in 1991. After the necessary conditions for a stable regulatory framework were solidified, a manufacturing giant, Gamesa Eólica, emerged in the mid-1990s, and Spain became the EU’s second largest producer of wind energy behind Germany in the early 2000s [78]. However, solar energy development has soared since 2006 as a result of changes in legislation, which made large photovoltaic installations very profitable.



Sweden reached a 1% share of renewables in its total electricity market as early as 1982, but the slope change in the trend emerged in 1996. This coincides with the decision of the Swedish Parliament in 1995 to accept a liberalization reform aimed at introducing an investment support scheme for wind and biopower, which led to opening the Nordic electricity exchange (this immediately resulted in market concentration, with three major producers—Vattenfall, Fortum, and Sydkaft). However, the liberalization of the energy market led to decreasing electricity prices, and as a result, the new support schemes spurred few investments in renewables. These were mainly bioenergy projects, which are especially significant in district heating. Moreover, in 1995, Sweden became a full member of the EU and, therefore, was obliged to meet the EU’s targets with regard to renewable energy investments and production [75]. Before, the 1990s hydropower and nuclear power were important items in the Swedish energy mix. However, a political willingness to promote alternative and new renewable energy sources emerged after the public contestation of nuclear power (in an advisory referendum in 1980).



Based on the estimated VAR model, the Granger causality test (the Wald test statistic) and the likelihood ratio (LR) test are performed, and the generalized impulse response function (GIRF) is applied within two phases of renewable energy diffusion for each country considered. GIRF, conditional on shock (   ε t   ) and history (   ω  t − 1    ) takes the following form [79]:


  G I R F   h ,  ε t  ,  ω  t − 1     = E    y  t + h   |  ε t  ,  ω  t − 1     − E    y  t + h   |  ω  t − 1     .  











The GIRF function is the difference between two conditional expectations of yt+h with a single exogenous shock, h is the forecast horizon. While the Granger causality test allows to examine the significance of the direct impact of a given variable on another variable, the LR test enables to test the significance of a given variable under consideration for the VAR system as a whole. In turn, the GIRF analysis [79] allows one to trace out the dynamic response of one variable to one standard deviation shock in the equation of another variable. Unlike the orthogonalized impulse response function (IRF), the generalized IRF of Pesaran and Shin (1998) is not sensitive to the ordering of variables in the VAR system.





4. Empirical Results


All variables were tested for the unit roots (ADF-GLS test) (see Table A1 in the Appendix A). The results in Table A1 indicate that all variables appear to be integrated in the first order, I(1). Therefore, when estimating the VAR model, the variables expressed as the first differences were used. In selecting the lag order of the VAR model, a combination of different criteria (AIC, BIC, and LR) and diagnostic testing [80] were used. If the chosen lag order did not pass some diagnostic tests, we increased the order of lag until the diagnostic test showed better results. Furthermore, we tested the reliability of VAR models by applying some diagnostics tests, i.e., tests of autocorrelation, normality, and heteroscedasticity. Generally, we found no evidence of a serious violation of the above tests (see Appendix A Table A2, Table A3 and Table A4), except for a lack of normality due to excess kurtosis, which is not as serious for estimation results as a lack of symmetry in residual distribution [72], but the latter is not violated in our VAR models.



4.1. Granger Causality


In general, the results of the causality test reveal substantial differences in causality patterns across the countries and phases (formative and expansion) of renewable energy diffusion (except for Sweden). First, renewable energy consumption Granger-causes CO2 emissions in both phases of RES diffusion only in Spain, although the impact of RES is significant for the system in France (see Table A5 in Appendix A). Second, in the formative phase, other energy sources (NUC and NRES) do not significantly impact CO2 emissions, except in France, where bi-directional causality between emissions and non-renewable energy (NRES) is observed. In the expansion phase, the impact of nuclear energy (NUC) on CO2 emissions is significant (except in Sweden); this relationship is unidirectional (NUC → CO2) in Spain and bidirectional (NUC ↔ CO2) in France. Although the NRES does not directly affect emissions, this influence can be indirectly exerted through other variables in the system, as the influence of NRES is significant for the system (Scheme 1 and Table A5 in Appendix A). These findings indicate that the interrelation between carbon emissions and non-renewable energy sources (oil, gas, and coal) is even stronger in the expansion phase than in the formative one. This result provides evidence for the lack of progress in the decarbonization of the fuel mix in France and Spain, even though the expansion phase of renewable energy diffusion falls under the period with the strongest-ever mitigation polices both in these countries and around the world [1].



Third, in the formative phase, the GDP Granger-causes CO2 emissions and non-renewable energy consumption (NRES) in France, suggesting that energy conservation policies aimed at reducing non-renewable energy consumption may not have an adverse effect on economic growth. However, in the case of Spain and Sweden, the neutrality between the GDP and energy consumption (RES, NUC, and NRES) and CO2 emissions implies that the increases in energy production do not affect the GDP directly in the short-term. However, this observation does not decrease the importance of different energy sources in the process of economic development, as production requires the employment of different kinds of inputs (natural resources, capital, labor forces, and energy) in the long-term.



However, in the expansion phase, reverse causality running from CO2 emissions and non-renewable energy consumption (NRES) to GDP in France and Spain is observed, which supports the growth hypothesis, whereby the conservation policies reducing the non-renewable energy consumption hinder economic growth. This finding indicates that progress towards a fossil fuel phase out is still insufficient and that there is continuing reliance on low-cost fossil fuels. This also indicates insufficient governmental action and inadequate policies to phase out fossil fuels. However, in the expansion phase in Sweden, there is still no causal relationship between CO2 emissions and energy consumption (RES, NUC, and NRES) and GDP that supports the neutrality between renewable, nuclear, and non-renewable energy consumption and carbon emissions and economic growth in the short-term. This neutrality between variables means that conservation policies aimed at energy efficiency, renewable energy, and—notably—CO2 taxation have been realized without harmful effects to the economy, which, in turn, helped drive the energy transformation and decarbonization across economic sectors in Sweden [81].



Finally, only the renewable energy (RES) in France has a significant impact on the GDP in the formative phase, which might indicate that an increase in renewable energy consumption fosters economic growth, while in the expansion phase, the impact of the consumption of different energy sources is much more marked (noticeable)—e.g., in the case of Spain, there is bi-directional causality between GDP and RES, suggesting that GDP and RES are interrelated and complement each other; in the case of both France and Spain, there is unidirectional causality running from NRES to GDP, instead indicating energy-led growth and remaining heavy dependence on fossil fuels in both countries. Additionally, in the case of France, a significant bi-directional causal relationship between GDP and NUC was found, which suggests interdependence between nuclear energy consumption and economic growth.




4.2. Impulse Response Functions


To complement the causality analysis, we apply impulse response functions to trace the dynamic response of one variable in the system to shocks in another variable.



When interpreting the generalized impulse–response functions, we mainly focused on examining the effects of energy consumption (RES, NUC, and NRES) on CO2 emissions and GDP growth, as well as the effects of GDP growth on CO2 emissions, and vice versa. Figure 2, Figure 3 and Figure 4 represent the generalized impulse response functions of CO2 emissions and GDP in both the formative and expansion phases of renewable energy diffusion in France, Spain, and Sweden. Figure A1, Figure A2 and Figure A3 represent the responses of RES, NUC, and NRES to shocks in another variable and are presented in the Appendix A.



Despite the fact that CO2 emissions and GDP growth respond somewhat differently in each of the countries, some similar patterns of impulse response functions are observed. Overall, CO2 emissions respond negatively to shocks in the RES in all countries, but the decline in emissions is significant only in Spain (both phases). While in the formative phase, the shock in RES has an immediate negative impact on CO2 emissions in France, and in Spain there is a dip in the fourth period followed by a peak in the seventh period. This negative impact persists for several periods before dying. Due to the shock in NUC, the response of CO2 emissions is negative in all countries and significant only in Spain and France in the expansion phase of RES diffusion. However, the negative response of emissions is immediate just after the shock in NUC only in Spain (both phases) and France (formative phase). In the expansion phase, the response is initially positive, but after four periods in the case of Sweden and two periods in the case of France, it becomes negative. After that, the impacts of the shock in NUC start to quickly die in all countries. These responses of CO2 emissions to shocks in RES and NUC indicate that both renewable and nuclear energy consumption contribute to a reduction of emissions; however, these effects quickly wear off. Additionally, this impact of RES and NUC might be offset by a high consumption of non-renewable energy. This is seen in the response of CO2 emissions due to shocks in NRES, which is positive in both the formative and expansion phases in all countries (Figure 2 and Figure 3 and Table A2, Table A3 and Table A4).



When it comes to the effects of shocks in NRES, the CO2 emissions react positively in all countries and in both phases of RES diffusion, but this response is found to be significant only in France and Spain (see Table A2, Table A3 and Table A5 in Appendix A). This pattern of carbon emission responses, together with the unidirectional causal link from GDP to CO2 emissions in France, are consistent with the conservation hypothesis, assuming that the reduction of CO2 emissions does not hinder economic growth. However, in the expansion phase of RES diffusion, the direction of causality reversed into unidirectional causality running from CO2 emissions to the GDP and from NRES to GDP, not only in France but also in Spain. As a result, the positive responses of the GDP due to shocks in CO2 emissions and NRES reveal an opposite phenomenon, i.e., where the economies are still strongly energy-dependent, and non-renewable energy is an important driver of economic growth, which boosts CO2 emissions. Despite the expansion of renewable energy in all countries and its certain impact on a reduction in CO2 emissions, the increase in emissions due to economic growth still seems to be much greater.



When it comes to the effect of a shock in RES, the responses of GDP due to changes in RES are positive in all countries in the formative phase and in Sweden in the expansion phase but significant only in the case of France in the formative phase. However, in the expansion phase, the response of GDP due to a shock in RES is initially negative and only after several periods becomes positive (in France after twelve periods and in Spain after eight periods). These findings indicate that an increase in renewable energy consumption fosters economic growth in the formative phase, and in the expansion phase, it tends to promote economic growth, albeit with a delay. This initial decrease of GDP due to a shock in RES in the expansion phase may be explained by the GDP bearing some burdens of subsidizing the green energy infrastructure in Spain and France for many years; a positive influence of renewables on economic growth can be observed only with a delay.



Due to the shock in NUC, the response of the GDP in the formative phase is initially negative and becomes positive after four periods in France and three periods in Spain, while in Sweden, the impact of a shock in NUC is positive. It is symptomatic that all GDP responses due to a shock in NUC in the formative phase are insignificant. However, in the expansion phase, the shock in NUC has a positive impact on the GDP in France and Spain but is significant only in France. After that, these positive effects quickly die. These findings indicate that nuclear energy consumption stimulates economic growth in the expansion phase in France and Spain. Moreover, in the case of France, economic growth also positively impacts nuclear energy consumption, as GDP and NUC are interdependent (Figure A1—responses of NUC). However, in Sweden, there is almost no response of the GDP to a shock in NUC in the expansion phase, which indicates the neutrality hypothesis for NUC, meaning that both GDP and NUC can develop independently.



Finally, we consider the crowding out hypothesis, which means that the nuclear energy and renewable energy installations show a tendency toward mutual exclusion, i.e., that each creates path dependencies that crowd out the others. It is seen from Figure A1, Figure A2 and Figure A3 (in Appendix A) that responses of NUC to shocks in RES, and vice versa, are negative in France (both phases), Spain (formative phase), and Sweden (expansion phase), which might indicate a confirmation of the crowding out hypothesis, especially in the formative phase, as the negative association between NUC and RES seems to be more evident. However, the causality running from RES to NUC is significant only in the case of Spain (formative phase). Nevertheless, these diverging nuclear and renewable pathways may reflect different technological, political, and social factors, such as greater construction costs, greater delays, and longer lead times for nuclear than renewable energy projects; moreover, the tightening of regulatory requirements for both operational and under-construction nuclear reactors may lead to significant price increases for ongoing projects and the danger of nuclear accidents and waste facilities, resulting in a lack of social acceptance [32].





5. Discussion and Conclusions


The purpose of this study was to examine the impact of disaggregated energy consumption, i.e., clean energy (renewable and nuclear energy) and non-renewable energy (oil, gas, and coal) on CO2 emissions and economic growth within different phases of renewable energy diffusion for three selected European countries (France, Spain, and Sweden). The empirical findings indicate that there are distinctive differences in causality patterns across the countries and two phases of renewable energy diffusion (except in Sweden). In the formative phase, both renewable energy (RES) and nuclear energy consumption (NUC) contribute to the reduction of CO2 emissions, but this effect quickly wears off. Moreover, the impact of RES on emissions is significant only in Spain, while the influence of NUC on emissions is insignificant for each country. In turn, in the expansion phase in France, a significant effect of NUC on the mitigation of emissions has been revealed, while in Spain, both renewable and nuclear energy consumption are found to contribute to the abatement of CO2 emissions, but the response of the emissions is not immediate. These results indicate that RES and NUC do contribute to a decline in CO2 emissions. However, this effect seems to be offset, as the reaction of emissions due to shocks in non-renewable energy consumption (NRES) is clearly positive. Interestingly, in the expansion phase, this effect is shown to be even stronger than that in the formative phase. Considering the fact that the expansion phase of RES diffusion falls under the period with the strongest-ever mitigation policies, the above findings are evidence for the lack of progress in the decarbonization of the fuel mix in France and Spain.



Furthermore, in the formative phase, the existence of a causal relationship running from GDP to CO2 emissions and non-renewable energy consumption in France alongside the lack of causality between GDP and different energy sources (RES, NUC, NRES), as well as between GDP and CO2 emissions in Spain and Sweden, suggest that energy conservation policies can be persuasive without adversely affecting the economy. In contrast, in the expansion phase, reverse causality running from CO2 emissions and non-renewable energy consumption to GDP is observed in France and Spain, which supports the growth hypothesis that the conservation policies focused on mitigating non-renewable energy consumption may hinder economic growth. These findings demonstrate that increases in emissions due to economic growth are still much greater than the decreases in emissions due to the development of clean energy (renewable and nuclear). Consequently, renewable and nuclear energy consumption does not lead to a decoupling of economic growth from CO2 emissions in France and Spain. Importantly, these findings indicate the still-insufficient progress towards a reduction of non-renewable energy consumption and call for crucial changes in legislation aimed at reducing emissions and intensive activities at global scale that must go far beyond boosting renewable energy production and consumption alone.



In contrast, the findings of neutrality between energy consumption (RES, NUC, and NRES) and carbon emissions and economic growth in Sweden suggest that the economy can expand independently of changes in energy consumption and that emissions are less sensitive to variations in GDP. This highlights that conservation policies aimed at reducing emissions have not hindered economic growth. Therefore, these findings can be treated as evidence of decoupling economic growth from carbon emissions. Such progress in decarbonization in Sweden was possible due to the widespread use of low-carbon technologies, including an effective energy transition policy that was well-integrated with climate goals. Therefore, Sweden can be considered to be on a leading-edge path because of its small CO2 emissions and relatively high economic growth.



Moreover, our results show that nuclear and renewables attachments tend to crowd each other out in the countries under study. However, this tendency is significant only in Spain in the formative phase. Nevertheless, this negative association between renewables and nuclear energy may be primarily attributed to the lack of social acceptance for nuclear reactors due to the danger of nuclear accidents and nuclear waste storage, as well as their adverse effects on the environment. As a consequence, some countries decided to phase nuclear power out—e.g., in Spain by 2030 and in Germany by 2022. There is also growing resistance to nuclear power in France, but in Sweden, in 2019, public opinion changed again in favor of nuclear power, while after the Fukushima nuclear disaster in 2011, there was no support for nuclear power.



Despite the enormous growth in renewable energy production and use alongside large improvements in energy efficiency and actively realized mitigation policies in the last two decades, CO2 emissions have not substantially decreased in countries under study or around the world (in 2019, global CO2 emissions remained stable, BP data). Even though the demand for renewable energy has grown three times faster than the demand for fossil fuels and nuclear energy during 2015–2019, it amounted to less than one third of the total increase in final energy demand [26]. This demonstrates that progress in renewables is still not fast enough to compete with the ever-growing energy demand, which is then satisfied by fossil fuel energy. As a result, the world is still far from being on track to meet the global climate and sustain development goals. To achieve the rapid reduction in emissions needed to avert the worst effects of global warming, not only policy makers but also market regulators, utility companies, corporate energy buyers, environmental activists, and each business and individual must focus relentlessly on decreasing the amount of CO2 emissions emitted per unit of electricity [26,82]. Therefore, the major and immediate transformation of societies and economies is required, including (alongside continued support for the uptake of renewables [26]), increased energy efficiency [83] and making it mandatory to decrease energy demands [26]. The larger power of energy efficiency as a contributor to global emissions reductions can be seen in the example of lighting in the U.S., where, in 2017, the installation of 1 billion LED and CFL lights avoided 142 million tons per year of CO2 emissions (at a cost of about $7 per ton of avoided CO2 emissions) in contrast to 8 million tons per year of CO2 emissions avoided due to the cumulative capacity of rooftop solar installations at a cost of $360 per ton of avoided CO2 emissions [82]. Another action that should be taken in parallel is to accelerate the phase out of fossil fuels, especially in transport and heating where the share of renewables is rather small at 3% and 10%, respectively [26]. Governments should take an offensive position to remove fossil fuel subsidies and introduce fossil fuel bans across all sectors. The EU emissions trading scheme can be a significant contributor to this goal by setting a price for releasing carbon dioxide high enough to discourage fossil fuel use, e.g., in 2019, the price of €25 for coal-fired electricity made this high-emissions option less profitable in many European countries than other options like natural gas and/or renewable energy.



In 2020, as a result of the COVID-19 health crisis, the EU energy sector witnessed a fall in energy demand and supply; hence, carbon emissions are expected to decrease by between 4% and 7% compared to 2019 [26,84]. However, such an emissions decrease is not enough to meet the relevant climate goals. To reach the goal of limiting the average temperature rise to 2 degrees C, a decline in emissions of at least 7% annually over the next decade would be necessary [26]. This would involve huge investments in renewable energy and electric cars (more than 50% of passenger cars ought to be electric in 2030 if the world is to be on a path toward carbon neutrality) and innovations in new technologies like hydrogen and CCS (carbon capture and storage) [85]. Therefore, to avoid returning to the pre-COVID-19 crisis energy consumption and carbon emissions levels, structural shifts to overhaul existing fossil-fuel-based economies into low-carbon economies are urgently needed. For that purpose, focused and coordinated policy action is crucial, not only at the Member State and EU level but also globally.
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Table A1. Unit root test results (ADF-GLS).






Table A1. Unit root test results (ADF-GLS).





	
Country

	
Variables

	
Full Sample

	
Formative Phase

	
Expansion Phase




	
Levels

	
Diff

	
Decision

	
Levels

	
Diff

	
Decision

	
Levels

	
Diff

	
Decision






	
France

	
CO2

	
−2.476

	
−2.787 *

	
I(1)

	
−1.975 (c+t)

	
−3.411 (c+t) **

	
I(1)

	
−1.41 (c+t)

	
−2.565 (c) **

	
I(1)




	
RES

	
−0.561

	
−1.710

	
I(1)

	
−0.791 (c+t)

	
−3.436 (c+t) **

	
I(1)

	
−1.052 (c+t)

	
−1.962 (c) **

	
I(1)




	
NUC

	
−1.301

	
−1.515

	
I(1)

	
−1.219 (c+t)

	
−1.756 (c) *

	
I(1)

	
−1.266 (c+t)

	
−3.466 (c) ***

	
I(1)




	
NRES

	
0.354

	
−1.884 *

	
I(1)

	
−2.167 (c+t)

	
−3.908 (c+t) ***

	
I(1)

	
−1.472 (c+t)

	
−2.592 (c) **

	
I(1)




	
GDP

	
−1.896

	
−2.689 *

	
I(1)

	
−2.172 (c+t)

	
−2.377 (c+t)

	
I(1)

	
−1.632 (c+t)

	
−3.255 (c+t) **

	
I(1)




	
Spain

	
CO2

	
−0.829 (c+t)

	
−3.631 (c) ***

	
I(1)

	
−1.267 (c+t)

	
−3.253 (c) ***

	
I(1)

	
−0.929 (c+t)

	
−3.103 (c+t) **

	
I(1)




	
RES

	
−0.833 (c+t)

	
−2.37 (c) **

	
I(1)

	
−1.303 (c+t)

	
−2.932 (c) ***

	
I(1)

	
−1.528 (c+t)

	
−1.959 (c) **

	
I(1)




	
NUC

	
−2.299 (c+t)

	
−2.367 (c) **

	
I(1)

	
−1.958 (c+t)

	
−1.800 (c) *

	
I(1)

	
−1.692 (c+t)

	
−1.764 (c) *

	
I(1)




	
NRES

	
−1.002 (c+t)

	
−2.819 (c) ***

	
I(1)

	
−1.403 (c+t)

	
−2.514 (c) **

	
1(1)

	
−1.03 (c+t)

	
−1.671 (c) *

	
I(1)




	
GDP

	
−3.396 (c) ***

	
−2.679 (c) ***

	
I(1)

	
−1.12 (c+t)

	
−2.18 (c) **

	
I(1)

	
−1.791 (c+t)

	
−2.862 (c) ***

	
I(1)




	
Sweden

	
CO2

	
−2.442 (c+t)

	
−2.976 (c+t) **

	
I(1)

	
−2.001 (c+t)

	
−2.435 (c) **

	
I(1)

	
−0.955 (c+t)

	
−4.472 (c) ***

	
I(1)




	
RES

	
−1.192 (c+t)

	
−3.911 (c+t) ***

	
I(1)

	
−1.267 (c+t)

	
−2.387 (c) **

	
I(1)

	
−0.38 (c+t)

	
−4.453 (c+t) ***

	
I(1)




	
NUC

	
−0.412 (c+t)

	
−3.066 (c) ***

	
I(1)

	
−1.159 (c+t)

	
−3.036 (c) ***

	
I(1)

	
−1.511 (c+t)

	
−2.759 (c) ***

	
I(1)




	
NRES

	
−3.345 (c+t) **

	
−3.21 (c+t) **

	
I(0)

	
−1.927 (c+t)

	
−2.521 (c) **

	
I(1)

	
−0.95 (c+t)

	
−4.374 (c) ***

	
I(1)




	
GDP

	
−3.016 (c+t) **

	
−2.153

	
I(0)

	
−2.383 (c+t)

	
−2.821 (c+t) *

	
I(1)

	
−1.19 (c+t)

	
−5.467 (c) ***

	
I(1)








Note: ***, **, * significance at levels 1%, 5%, and 10%, respectively.
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Table A2. Granger causality test results and residual diagnostics—France.
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Dependent Variables

	
Formative Phase

	
Expansion Phase




	
Causes




	
CO2

	
RES

	
NUC

	
NRES

	
GDP

	
CO2

	
RES

	
NUC

	
NRES

	
GDP






	
CO2

	
-

	
10.49 *

	
4.38

	
16.67 ***

	
12.34 **

	
-

	
1.27

	
8.11 **

	
2.39

	
2.88




	
RES

	
9.55

	
-

	
0.85

	
8.01

	
4.10

	
8.25 **

	
-

	
1.71

	
6.28 *

	
1.61




	
NUC

	
9.13

	
3.97

	
-

	
5.27

	
2.47

	
7.18 *

	
3.35

	
-

	
7.58 *

	
7.15 *




	
N-RES

	
11.74 *

	
7.31

	
2.36

	
-

	
10.7 *

	
3.42

	
0.77

	
7.57 *

	
-

	
2.45




	
GDP

	
0.49

	
23.37 ***

	
6.67

	
3.65

	
-

	
7.14 *

	
5.35

	
10.37 **

	
6.62 *

	
-




	
Residual Diagnostics




	
JB test:

	
13.84 ***

	
43.6 ***

	
19.9 ***

	
8.03 **

	
8.23 **

	
1.65

	
1.29

	
0.81

	
3.3

	
1.66




	
Skewness (Chi-sq)

	
0.65

	
0.99

	
2.49

	
1.42

	
0.20

	
0.9

	
5.05 **

	
0.006

	
10.9 ***

	
2.62




	
Kurtosis (Chi-sq)

	
13.19 ***

	
42.6 ***

	
17.4 ***

	
6.6 **

	
8.03 ***

	
2.55

	
6.34 **

	
0.82

	
14.2 ***

	
4.28




	
LM test For 2 lag

	
27.42

	
37.58








Note: ***, **, * significance at levels 1%, 5%, and 10%, respectively.
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Table A3. Granger causality test results and residual diagnostics—Spain.
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Dependent Variables

	
Formative Phase

	
Expansion Phase




	
Causes




	
CO2

	
RES

	
NUC

	
NRES

	
GDP

	
CO2

	
RES

	
NUC

	
NRES

	
GDP






	
CO2

	
-

	
0.506

	
1.045

	
2.872

	
0.78

	
-

	
3.388

	
0.704

	
0.128

	
6.111 ***




	
RES

	
4.347 *

	
-

	
7.527 **

	
3.229

	
2.175

	
12.78 ***

	
-

	
1.581

	
15.19 ***

	
5.998 **




	
NUC

	
2.947

	
0.79

	
-

	
2.115

	
2.55

	
6.642 **

	
0.118

	
-

	
4.291 *

	
0.75




	
N-RES

	
3.028

	
0.409

	
1.096

	
-

	
0.806

	
0.599

	
4.659 *

	
0.762

	
-

	
6.157 **




	
GDP

	
1.863

	
0.655

	
0.791

	
1.715

	
-

	
0.179

	
17.13 ***

	
0.859

	
0.056

	
-




	
Residual Diagnostics




	
JB test

	
4.309

	
1.102

	
4.347

	
2.499

	
10.13 ***

	
5.745

	
6.641 **

	
4.616

	
36.20 ***

	
30.02 ***




	
Skewness (Chi-sq)

	
0.021

	
0.608

	
3.426

	
0.671

	
0.012

	
0.011

	
3.227

	
0.592

	
1.797

	
0.418




	
Kurtosis

(Chi-sq)

	
4.289 **

	
0.493

	
0.922

	
1.828

	
10.11 ***

	
5.73 **

	
3.414

	
4.024 **

	
34.41 ***

	
29.6 ***




	
LM test (for 2 lag)

	
0.249

	
0.644








Note: ***, **, * significance at levels 1%, 5%, and 10%, respectively.
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Table A4. Granger causality test results and residual diagnostics—Sweden.
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Dependent Variables

	
Formative Phase

	
Expansion Phase




	
Causes




	
CO2

	
RES

	
NUC

	
NRES

	
GDP

	
CO2

	
RES

	
NUC

	
NRES

	
GDP






	
CO2

	
-

	
1.069

	
0.053

	
1.602

	
2.821

	
-

	
0.42

	
3.114

	
1.57

	
0.339




	
RES

	
0.810

	
-

	
0.050

	
1.001

	
0.682

	
0.004

	
-

	
0.549

	
0.041

	
0.160




	
NUC

	
0.444

	
1.808

	
-

	
0.368

	
2.130

	
1.505

	
0.681

	
-

	
1.195

	
0.144




	
N-RES

	
0.821

	
1.098

	
0.049

	
-

	
3.056

	
2.249

	
0.224

	
2.988

	
-

	
0.149




	
GDP

	
1.339

	
0.468

	
0.385

	
1.728

	
-

	
0.082

	
1.578

	
0.825

	
0.148

	
-




	
Residual Diagnostics




	
JB test

	
21.01 ***

	
19.14 ***

	
5.71 *

	
2.161

	
22.57 ***

	
0.999

	
19.71 ***

	
24.42 ***

	
0.771

	
39.06 ***




	
Skewness (Chi-sq)

	
3.056

	
0.994

	
2.011

	
0.675

	
1.309

	
0.001

	
2.462

	
0.101

	
0.285

	
2.847 *




	
Kurtosis

(Chi-sq)

	
17.96 ***

	
18.15 ***

	
3.699 *

	
1.486

	
21.26 ***

	
0.998

	
17.25 ***

	
24.31 ***

	
0.486

	
36.21 ***




	
LM test (for 2 lag)

	
0.321

	
0.326








Note: ***, **, * significance at levels 1%, 5%, and 10%, respectively.
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Table A5. Likelihood Ratio (LR) test results.
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Formative Phase

	
Expansion Phase




	

	
LR Stats

	
p-Value

	
LR Stats

	
p-Value






	
France




	
CO2

	
56.26 ***

	
0.000

	
26.958 ***

	
0.008




	
RES

	
51.958 ***

	
0.001

	
17.828

	
0.121




	
NUC

	
26.248

	
0.341

	
21.390 **

	
0.045




	
N-RES

	
59.94 ***

	
0.000

	
24.280 **

	
0.019




	
GDP

	
31.35

	
0.144

	
15.460

	
0.217




	
Spain




	
CO2

	
6.312

	
0.612

	
17.096 **

	
0.029




	
RES

	
14.778 *

	
0.064

	
26.186 ***

	
0.001




	
NUC

	
7.166

	
0.519

	
14.502 *

	
0.070




	
N-RES

	
6.318

	
0.612

	
17.034 **

	
0.030




	
GDP

	
4.836

	
0.775

	
23.530 ***

	
0.003




	
Sweden




	
CO2

	
3.408

	
0.906

	
6.378

	
0.605




	
RES

	
5.518

	
0.701

	
3.890

	
0.867




	
NUC

	
1.908

	
0.984

	
5.052

	
0.752




	
N-RES

	
4.384

	
0.821

	
4.690

	
0.790




	
GDP

	
7.834

	
0.450

	
3.634

	
0.889








Note: ***, **, * significance at levels 1%, 5%, and 10%, respectively.
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Figure A1. Responses of RES, NUC, and NRES to shocks in variables in the formative and expansion phases in France. 
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Figure A2. Responses of RES, NUC, and NRES to shocks in variables in the formative and expansion phases in Spain. 
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Figure A3. Responses of RES, NUC, and NRES to shocks in variables in the formative and expansion phases in Sweden. 
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Figure 1. Energy consumption per capita (RES, NUC, NRES), CO2 emissions, and GDP growth rates in France (a1,b1), Spain (a2,b2), and Sweden (a3,b3) over the period of 1965Q1–2019Q4; (a1–a3) energy consumption per capita from renewables, nuclear, and non-renewable energy sources (in tonnes of oil equivalent, toe) in France, Spain, and Sweden, respectively; (b1–b3) CO2 emissions (in tonnes of carbon dioxide per capita) and the GDP growth rate (in 2015 U.S. dollars). 
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Scheme 1. Granger causality patterns among variables (CO2, RES, NUC, NRES, and GDP) in France (a1,a2), Spain (b1,b2), and Sweden (c1,c2) according to phases of renewable energy development (a1,b1,c1) formative phase; (a2,b2,c2) expansion phase. 
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Figure 2. Responses of CO2 emissions and GDP to shocks in another variables in formative and expansion phases in France. 
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Figure 3. Responses of CO2 emissions and GDP to shocks in another variables in formative and expansion phases in Spain. 
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Figure 4. Responses of CO2 emissions and GDP to shocks in other variables in the formative and expansion phases in Sweden. 
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Table 1. Share of energy from renewable sources as a % of gross final energy consumption.
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	Country
	2004
	2015
	2016
	2017
	2018
	2020 Target





	France
	9.5
	15.0
	15.7
	16.0
	16.6
	23



	Spain
	8.3
	16.2
	17.4
	17.6
	17.4
	20



	Sweden
	38.7
	53.0
	53.4
	54.2
	54.6
	49







Source: Eurostat News release, 17/2020–January 2020, http://ec.europa.eu/eurostat/web/main/home (accessed on 20 November 2020), © European Union, 1995–today.
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Table 2. CO2 emissions by sector in 2017 (in million tonnes of CO2, mt).
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France

	
Spain

	
Sweden




	

	
mt of CO2

	
% of Total

	
mt of CO2

	
% of Total

	
mt of CO2

	
% of Total






	
Total

	
306.1

	

	
253.4

	

	
37.6

	




	
Electricity and heat production

	
45.8

	
15.0%

	
78.8

	
31.1%

	
7.1

	
18.9%




	
Other energy industries own use

	
13.5

	
4.4%

	
19.8

	
7.8%

	
2.7

	
7.2%




	
Manufacturing industries and construction

	
41.1

	
13.4%

	
30.2

	
11.9%

	
6.5

	
17.3%




	
Transport

	
125.8

	
41.1%

	
91.7

	
36.2%

	
19.7

	
52.4%




	
of which roads

	
121.5

	
39.7%

	
81.7

	
32.2%

	
19.1

	
50.8%




	
Residential

	
42.9

	
14.0%

	
16.8

	
6.6%

	
0.2

	
0.5%




	
Commercial and public services

	
26.1

	
8.5%

	
9.5

	
3.7%

	
1.2

	
3.2%








Source: IEA 2019. CO2 emissions from fuel combustion highlights.
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