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Abstract 

 

Over the last decade, several studies evaluated the nexus between energy and economic growth, 

motivated by recognition of the importance of renewable energy for energy security and 

reducing greenhouse gas emissions. This study aims to contribute to this literature and evaluate 

the relationship between renewable energy consumption and production and economic growth 

for 29 European countries between 1995 and 2016. The study was implemented via dynamic 

panel data estimation methods by considering the cross-section dependence effect in the panel. 

The results in the long-run indicate that a 1% increase in aggregate renewable energy 

consumption and production is associated with an increase in economic growth by 0.09% and 

0.05%, respectively. The results for the disaggregated sources of renewable energy confirm 

that these positively affect economic growth in the long-run. Hydropower production and 

biomass energy consumption exhibit the most significant positive influences on economic 

growth by 0.08% and 0.06%, respectively, in the long-run. Conversely, the results for the same 

energy sources in the short-run are not statistically significant, and for geothermal and solar 

thermal energy production are negative and statistically significant. The results validate the 

bidirectional causality and feedback hypotheses between aggregate renewable energy 

production and consumption and biomass energy consumption and economic growth in the 

long-run, and photovoltaic production and economic growth in the short-run. Furthermore, 

unidirectional causality exists, running from disaggregated renewable energy sources 

production (i.e., hydropower, wind, solar thermal, solar photovoltaic, biomass and geothermal 

energy sources) to economic growth, and this confirms the growth hypotheses in the long-run. 

Therefore, the results indicate the importance of developing renewable energy sources that 

contribute positively to economic growth in the long-run. In summary, an energy transition 

towards the production and consumption of renewable energy sources may create adverse 

effects on economic growth in the short-run, but it will be advantageous to economic 

development in the long-run. 
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Útdráttur 

 

Á síðasta áratug hafa nokkrar rannsóknir einblínt á samband orku og hagvaxtar, en rekja má 

áhuga á viðfangsefninu til mikilvægis endurnýjanlegra orkugjafa fyrir orkuöryggi og samdrátt 

í losun gróðurhúsalofttegunda.  Þessi rannsókn mun bæta við þennan þekkingargrunn en 

markmiðið er að meta samband milli notkunar á endurnýjanlegum orkugjöfum og hagvaxtar í 

29 Evrópulöndum frá 1995 til 2016.  Tölfræðigreiningin var framkvæmd með aðferðum kvikra 

panel greininga þar sem metið var hið svokallaða “cross-section dependence effect”. 

Tölfræðilegt samband var metið bæði til lengri og skemmri tíma.  Niðurstöðurnar sýna að þegar 

til lengri tíma er litið er 1% aukning í heildarnotkun og framleiðslu frá endurnýjanlegum 

orkugjöfum marktækt tengd við aukningu í hagvexti uppá 0,09% og 0,05%.  Niðurstöður fyrir 

hverja auðlind fyrir sig staðfesta að nýting endurnýjanlegra orkugjafa tengjast aukningu í 

hagvexti til langs tíma.  Nýting vatnsfalla til framleiðslu rafmagns sem og notkun lífmassa eru 

tengd mestri aukningu í hagvexti eða 0.08% (vatnsföll) and 0.06% (lífmassi), þegar til lengri 

tíma er litið.  Hins vegar til skamms tíma er samband sömu gerða endurnýjanlegra orkugjafa 

og hagvaxtar ekki tölfræðilega marktækt. Samband nýtingar jarðvarma og sólarorku (háhita) 

og hagvaxtar er tölfræðilega marktækt og neikvætt. Niðurstöðurnar staðfesta að 

heildarframleiðsla og notkun endurnýjanlegra orkugjafa sem og notkun lífmassa hafa marktæk 

orsakatengsl við hagvöxt. Orsakar því aukning í notkun endurnýjanlegra orkugjafa hagvöxt 

þegar til lengri tíma er litið. Á sama hátt er staðfest að hagvöxtur hefur marktæk orsakatengsl 

við heildarframleiðslu og notkun endurnýjanlegra orkugjafa sem og notkun lífmassa þegar til 

lengri tíma er litið. Kallast þetta tvíátta tengsl (e: bicausal relationship).   Þegar litið er til 

skamms tíma kemur í ljós að framleiðsla rafmagns með sólarsellum hefur tvíátta tengsl við 

hagvöxt. Ennfremur kemur í ljós að framleiðsla einstaka gerða endurnýjanlegra orkugjafa (það 

er vatnsföll, vindur, háhitasólarorka, lífmassi og jarðvarmi) hefur marktæk áhrif á hagvöxt. Það 

er að framleiðsla orksakar aukningu í hagvexti, en tengslin eru þó ekki tvíátta. Niðurstöðurnar 

sýna að orkuskipti í átt til endurnýjanlegra orkugjafa (aðeins þó jarðvarmi og háhita sólarorka) 

geta því haft neikvæð áhrif á hagvöxt til skamms tíma en allir endurnýjanlegir orkugjafar hafa 

jákvæð áhrif á hagvöxt þegar til lengri tíma er litið. Niðurstöðurnar staðfesta því mikilvægi 

þess að fjárfesta í endurnýjanlegum orkugjöfum með tilliti til áhrifa þeirra á hagvöxt þegar 

horft er til langs tíma.  
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1 Introduction  

1.1 Motivation 

Renewable energy (REN) performs a crucial role in energy security by decreasing dependency 

on fossil fuels, which are limited in supply. An even bigger concern is the direct impact of 

fossil fuels on the environment. Studies have shown that the consumption of fossil fuels are the 

greatest contributor to global greenhouse gas (GHG) emissions (IPCC, 2014). The continued 

dependence on fossil fuels, coupled with rapidly increasing demand, will merely exacerbate 

the rate of environmental degradation. These concerns have encouraged most countries to 

develop a consensus on the fundamental measures needed to reduce the use of fossil fuels and 

curtail GHG emissions. The most recent global agreement on climate change, formulated at the 

Paris Climate Conference (COP21) in December 2015, aims to keep global warming below 2 

degrees Celsius (Falkner, 2016). 

In recent years, dependence on fossil fuels and high GHG emissions have motivated 

European countries to increase investment in renewable energy sources. This has enabled the 

EU to reduce its fossil fuel consumption and consequently reduce GHG emissions by 22% 

from 1990 to 2016 (Eurostat, 2018). The contribution of renewable energy in accumulated 

energy consumption increased to 17% in 2016. As a result, 11 members of the EU, namely, 

Sweden, Finland, Denmark, Estonia, Croatia, Lithuania, Romania, Bulgaria, Italy, Czech 

Republic, and Hungary, have already achieved the 2020 target for renewables’ share in total 

energy consumption.  
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Figure 1. The contribution of REN in gross final energy consumption in EU plus Iceland, Norway; 2004, 

2016 and target 2020 value (Eurostat, 2017) 

 

Figure 1 presents the shares of renewable energy in 2004 and 2016, and the target for 

2020 for 28 EU countries, Iceland, and Norway (Eurostat, 2017). 

Among the 28 EU countries, Sweden achieved the highest contribution of renewables 

in final energy consumption with 53%.  Finland followed with 38.7%, then Latvia (37.2%), 

Austria (33.5%), and Denmark (32.2%). On the other hand, Luxembourg, Malta, and the 

Netherlands had the lowest shares of 5.4%, 6%, and 6% respectively. Iceland and Norway had 

the highest shares of renewable energy consumption with more than 70% and 60% respectively 

(Eurostat, 2017). 
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Figure 2. The contribution of REN sources in total REN primary production in 29 European countries in 

2016 (Eurostat 2017) 

 

Figure 2 shows the breakdown of renewable energy sources contribution in 29 

European countries in 2016. According to the chart, the highest shares are from biomass and 

renewable wastes at 59% and then hydropower at 19%. Wind power contributed 12%, and solar 

thermal contributed a minimal 2%. The share of solar photovoltaic and geothermal energy is 

similar at 4%. The significant investment in recent years in wind power production in the EU 

was important in increasing the share of wind power as a renewable energy source. However, 

EU countries rely on biomass and hydropower as the main contributors to renewable energy 

primary production (Eurostat, 2017). 

According to its roadmap for 2030, the EU aims to reduce GHG emissions by 40% 

relative to 1990 levels. To achieve that target, the EU needs to increase the portion of renewable 

energy in its final energy consumption from 17% to 34% by 2030 (European Union & IRENA, 

2018). 

The energy sector, with 78%, is the main contributor to GHG emissions in the EU. 

Thus, it is essential to expand use of renewable energy to reduce GHG emissions considerably 

(European Environment Agency, 2017). 

In addition to reducing GHG emissions, higher consumption of renewable energy is 

expected to have positive effects on economic growth, labor market prosperity, and social 
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welfare indicators (IRENA, 2016). Renewable energy contributes 0.46% to the GDP and 0.5% 

to the employment sector in EU countries in the roadmap to 2030 (IRENA, 2016). Currently, 

there are 1.2 million workers in the renewable energy sector in the EU. This implies that 

employment generation is a major socioeconomic impact of utilizing renewable energy. Figure 

3 shows the number of jobs in renewable energy for each type of energy source in 2017 

(IRENA, 2018). 

 

Figure 3. The number of jobs (thousands) initiated by renewable energy sources in EU (IRENA 2018) 

 

In 2017, total investment in renewable energy in Europe was $40.9 billion, with $28 

billion in wind and $10.8 billion in solar energy. Germany, the United Kingdom, France, and 

Belgium are among the principal ten countries globally with significant installed wind power 

capacity (McCrone, Moslener, D’Estais, & Grünig, 2017). However, investments in renewable 

energy in 2017 decreased in most EU countries relative to 2016. To achieve the 34% renewable 

share by 2030, the EU requires $73 billion investment in the renewable energy sector per year 

(European Union & IRENA, 2018). If empirical data could show a correlation between 

government investment in renewable energy and GDP growth, it might encourage 

policymakers to increase their spending in renewable energy.  It also could be revealing to 

understand if investment in different renewable energy types has different impact on GDP.  If 

a different impact would be confirmed it could support policy-maker´s decisions in supporting 

the utilization of one resource over another according to the economic efficiency of the sources. 

Such a result could call for the implementation of new policies and support strategies by 
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European energy policymakers to ascertain the impacts of different renewable energy sources 

on economic growth.  

1.2 Research aims 

In light of the above section, this research aims to assess i) the correlation between renewable 

energy consumption and economic growth, and ii) renewable energy production with economic 

growth in the short and long run. The aim is to suggest appropriate renewable energy sources 

for further development with respect to their impact on growth and to support such a 

recommendation by investigating the relationships between renewable energy sources by type 

and economic growth. In addition, the existence of causal relationship between renewable 

energy production and consumption with economic growth will be examined and the validity 

of existing hypotheses regarding causal relationships will be examined.  

1.3 Methods 

During the last few years, the relationship between renewable energy consumption and 

economic growth has primarily been studied by researchers in different temporal and spatial 

settings. The results of these studies, therefore, confirm contrasting hypotheses for different 

regions (Bhattacharya, Paramati, Ozturk, 2016; Menegaki, 2011). Thus, it is essential to use a 

homogeneous sample like the EU and use the most recent data to further examine these 

relationships. Accordingly, this study explores the effects of increased renewable energy 

consumption and production on economic growth by focusing on a group of 29 countries for 

the time interval of 1990–2016. The estimation was conducted by implementing the 

cointegration panel method considering cross-sectional dependence. A variety of estimators 

were used to increase the accuracy and efficiency of model estimation. These included 

autoregressive distributed lag (ARDL), fully modified ordinary least squares (FMOLS), 

dynamic ordinary least squares (DOLS), dynamic common correlated estimator (DCCE) and 

vector error correction model (VECM). 

 

 

 

 

 



18 

 

1.4 Structure 

The organization of the thesis is as follows: First, this study reviews the most relevant existing 

research related to REN consumption, production and GDP, and the methods used in those 

studies are introduced. The third chapter explains the objective of the study and its hypotheses. 

Chapter four explains the data and methods. Chapter five provides the results derived from the 

Pesaran’s cross-sectional independence test followed by the panel unit root test. The 

Westerlund cointegration test is carried out to inquire about cointegration between variables. 

The long-run and short-run relationships between variables are then investigated using the 

panel vector error-correction model (VECM), and, finally, the long-run coefficients are 

estimated using the fully modified ordinary least squares (FMOLS) and dynamic ordinary least 

squares (DOLS) methods. The dynamic commonly correlated effect estimator (DCCE) is also 

used to estimate the relationship between the variables of aggregate renewable energy and non-

renewable energy consumption with GDP. Finally, the VECM panel Granger causality 

evaluates the causality been the variables.  Chapter six contains a discussion and the final 

chapter concludes.  
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2 Literature Review 

This section details concise summary of the existing research on the relationship between 

energy consumption, production, and economic growth. Most of the available studies focus on 

the relationship between energy consumption and economic growth, although some scholars 

have considered energy production as a determining variable. Therefore, this section is 

presented in four parts.  The first part briefly explains the hypothesis, which dominate the 

literature on the relationship between energy and economic growth.  The second part reviews 

the studies on the relationship between aggregate renewable and non-renewable energy 

consumption and economic growth. The third part focuses on current research on the nexus 

between aggregate renewable energy and economic growth, while the fourth reviews the work 

done so far on the association between disaggregated renewable energy and economic growth. 

This review provides an effective background for the current study, which investigates both 

renewable energy consumption and production as independent variables influencing economic 

growth. 

2.1 Hypothesis on the relationship between energy and economic growth  

As detailed in the following literature review, an assessment of the causal relationship between 

energy and economic growth variables might be demonstrated by the following four 

hypotheses (Apergis & Payne, 2011; Menegaki & Tugcu, 2016). The first is the growth 

hypothesis, which illustrates that an increase in energy production and consumption (factors 

associated with production value added to labor and capital stock) can lead to an  increase in 

economic growth. This hypothesis is affirmed when there exists significant unidirectional 

causality that flows from consumption or production of energy sources to economic growth. 

According to the growth hypothesis, energy is the driver of economic growth. As such, the 

production of renewable energy sources is desirable for economic activity. The second 

hypothesis is the conservation hypothesis, which elucidates that economic growth is a 

contributory factor for energy consumption. This hypothesis is asserted when there exists 

significant unidirectional causality flowing from economic growth to energy production or 

consumption. As a result, energy-saving policies, which reduce energy consumption can be 

implemented without contractive or adverse effects on economic growth as the causal 

relationship is unidirectional. Furthermore, if valid, the conservation hypothesis confirms that 

the transition toward renewable energy is not harmful to economic functions. The third 

hypothesis is the neutrality hypothesis, which holds that energy consumption has an 
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insignificant impact on productivity and thus economic growth. This hypothesis is supported 

when no significant causal relationship is found among energy consumption, production, and 

economic growth. The fourth hypothesis is the feedback hypothesis, which expresses a mutual 

relationship. It contends that there is a bidirectional causal linkage among energy consumption, 

production, and economic growth. If valid, the feedback hypotheses reveals that economic 

growth is stimulated by increasing energy production and vice versa (Apergis & Payne, 2011; 

Menegaki & Tugcu, 2016). 

This section investigates the relevant causal relationships. The first subsection 

examines the effects of aggregate renewable energy and non-renewable energy consumption 

on GDP, while the second subsection investigates more specifically aggregate renewable 

energy and economic growth. 

2.2 Renewable and non-renewable energy consumption and GDP 

The effects of REN and NREN on the economies of many countries have been reviewed 

extensively in the literature (see Table 1). Ucan, Aricioglu, & Yucel (2014) inspected the 

correlation between REN and NREN consumption and economic growth in a category of 

fifteen European members from 1990 to 2011. The outcomes suggest that REN consumption 

positively influences GDP. Although, the effect is minor; the elasticity range is between 0.001 

and 0.002, and a bidirectional relationship between the two variables was confirmed. The effect 

of NREN consumption on economic growth in the long-run estimation is negative, and the 

results confirm unidirectional causality from NREN consumption to GDP. 

Śmiech & Papiezz (2014) reviewed the causal correlation between energy consumption 

and economic growth variables with respect to energy policy in EU countries. For this purpose, 

they used data for the time interval 1993–2011 and bootstrapped causality panel. Their study 

focused on two issues. In the first phase, they divided European Union Member States into four 

groups according to their energy policies. The results on the causal link between the main 

variables for the different groups were different. In the group with medium and low levels of 

energy intensity, there was no significant causal correlation between energy consumption and 

economic development. In comparison, the group with a high level of energy intensity had 

bidirectional casualty between energy consumption and GDP. 

Papiez, Śmiech, & Frodyma (2017) implemented the dynamic common correlated 

effect estimator (DCCE) for investigating the relationship between aggregate REN and NREN 

consumption and economic growth in European countries from 1995 to 2015. Researchers 
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found that non-renewable energy consumption had a more significant effect on economic 

growth compared to renewable energy. Specifically, a 1% rise in NREN and REN increased 

economic growth by 0.12% and 0.03%, accordingly. Using principal component analysis 

(PCA) clustering, the authors divided the countries into two groups based on the investment 

and employment linked to REN sources in that country and compared the results. The first 

country group consisted of Austria, Bulgaria, Denmark, Germany, Estonia, Finland, Latvia, 

Romania, and Sweden; the remaining European countries formed the second group. The results 

of each group estimation show that the impacts of REN on economic growth in the countries 

in the first group is higher than on the countries in the second group. Specifically, for the first 

group, a 1% rise in REN consumption increased GDP by 0.06%. This is due to the highest 

utilization of renewable energy sources, which is based on the amount of employment, 

investment, and turnover of REN in that country. Also, the result of the causality test shows 

that in the countries in the first group there is a bidirectional causality relationship between 

REN and GDP. 

Afonso et al. (2017) investigated the correlation between economic growth and total 

REN consumption in a group of 28 OECD countries. They analyzed the long-run and short-

run correlation using the Driscoll-Kraay estimator. Their results indicated that in the long-run, 

the REN coefficient has a negative influence on economic growth and NREN is insignificant. 

In the short-run, the NREN sources have a positive influence on economic growth. Notably, a 

1% increment in NREN sources increased economic growth by 0.04%. However, renewable 

energy does not have significant effects in the short-run and has a negative impact on economic 

growth in the long-run; a 1% addition in REN consumption decreased GDP by 0.03%. The 

main findings of Afonso et al. (2017) indicate that non-renewable energy has a positive 

influence on economic growth, but REN decreases economic growth in the long-run. 

Bhattacharya et al. (2016) considered the correlation of REN and NREN consumption 

with GDP in 38 OECD member countries from 1991 to 2012 by taking cross-sectional 

dependence and heterogeneity into account, treating GDP as the dependent variable.   REN and 

NREN were considered independent variables, and other control variables were gross fixed 

capital formation (GFCF) and total labor force. Both long and short run relationships were 

analyzed.  Bhattacharya et al. (2016) used heterogeneous panel estimation methods by 

assuming cross-sectional dependence including autoregressive distributed lags (ARDLs), 

dynamic common correlated effect (DCCE) estimators, and fully modified ordinary least 

squares (FMOLS). Given the difference in domestic laws and energy policies, different results 
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were obtained from the 38 selected countries.  Long-run estimation showed that the increased 

consumption of REN resulted in economic growth in 57% of the selected countries 

(Bhattacharya et al., 2016).  Heterogeneous panel estimation by the Generalised Method of 

Moments (GMM) for the short-run indicated that there exists a significant relationship between 

REN consumption and GDP: a 1% increment in REN and NREN consumption enhanced GDP 

by 0.03% and 0.07%, respectively.  In the long-run estimation by dynamic ordinary least 

squares (DOLS) and fully modified ordinary least squares (FMOLS) methods for the entire 

panel, results showed that a 1% addition in REN and NREN energy consumption led to a boost 

in economic growth of 0.1% and 0.28%, respectively (Bhattacharya et al., 2016). 

  As can be derived from the section above different datasets, methods and geographical 

locations of studies evaluating the relationship between energy consumption and economic 

growth, have led to scholars reaching different conclusions.  The most recent studies on the 

subject have noted the positive influence of NREN on economic growth; economists have also 

noted the small efficiency effects of REN, especially in the long-run.  In particular, the results 

of Papiez, Śmiech, and Frodyma (2017), and Bhattacharya et al. (2016), have confirmed the 

positive impacts of REN and NREN on economic growth.  In contrast, the main finding of a 

study by Afonso et al. (2017) has documented the adverse effects of increased REN on 

economic growth.  Ucan, Aricioglu, and Yucel (2014) have also described the adverse effects 

of NREN on economic growth.  Research confirms a bidirectional causal relationship between 

REN, GDP and a negative unidirectional causal effect from NREN to GDP (Ucan et al., 2014).  

Papiez et al. (2017) found a bidirectional causality between both REN and NREN, and GDP.   

Table 1 summarizes scholars’ main findings of the relationship between aggregate 

energy consumption and GDP. 
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Table 1. Summary of the Literature on the Relationship Between Aggregate Energy Consumption and GDP  

Study Period Method Countries Main findings and causality 

direction 

Ucan, Aricioglu, 

& Yucel (2014) 

1990–2011 FMOLS 15 EU 

countries 

The positive effect 

of REN, and the 

negative effect of 

NREN on the GDP 

in the long-run 

NREN → GDP 

REN ↔ GDP 

Papiez, Śmiech, & 
Frodyma (2017) 

1995–2015 CCEMG 28 EU 
countries 

The positive effect 
of REN and NREN 

on the GDP  

REN ↔ GDP  

NREN ↔ GDP  
 

Afonso et al. 

(2017) 

1995–2013 Driscoll-Kraay 28 OECD 

countries 

The negative effect of REN in the 

long-run, and the positive effect of 

NREN in the long-run 

Bhattacharya et al. 

(2016) 

1991–2012 FMOLS, 

GMM 

38 OECD 

countries 

The positive effect of REN and 

NREN on the GDP in the long and 

short-runs 

Notes.  Causality direction indicated via arrows.  

Abbreviations.CCEMG, common correlated effects mean group; EU, European Union; FMOLS, fully modified ordinary least 

squares; GDP, gross domestic product; GMM, generalised method of moments; NREN, non-renewable energy consumption; 

OECD, Organization for Economic Co-operation and Development; REN, renewable energy consumption.  

 

2.3 The relationship between aggregate REN consumption and GDP 

In preceding years, the correlation between total REN consumption, production, and economic 

growth (as measured by GDP) have been investigated using different panel and time series 

methods.  These studies have included many different regions including developing and 

developed countries, but most research has focussed on the European Union (EU) countries 

(Jaraite et al., 2015; Menegaki, 2011; Śmiech & Papiez, 2014).  Apergis & Payne (2011) 

investigated the relationship between REN consumption and GDP in six Central American 

countries from 1980–2006 by applying panel co-integration and Panel Vector Error Correction 

Model (VECM) methods.  They found a bidirectional, causal relationship between renewable 

energy consumption and GDP in these countries; in addition, they also determined a long-run 

equilibrium correlation between REN consumption, GDP, capital and the workforce. 

Menegaki (2011) used multiple panels to study the correlation between GDP and 

consumption of REN in 27 EU nations from 1997 to 2007.  The author used a random effects 

model for this purpose (Menegaki, 2011). The error-correction method was not proven for any 

short- or long-run causal relationships for the variables that were examined, confirming the 

neutrality hypothesis. Chang et al. (2015) studied the consumption of REN versus GDP in the 

G7 countries using data obtained from 1990 to 2013.  This research group performed 

econometric tests in conjunction with cross-sectional dependence (CD) and heterogeneity in 
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the multi-panel. The main results indicated a bidirectional, causal relationship in the overall 

panel between the main variables.  

            Omri et al. (2015) uncovered a causal linkage between REN consumption and GDP in 

17 developed countries from 1990 to 2011 using a dynamic panel model and generalized 

method of moments (GMM).  Although the investigated countries yielded different results, a 

unidirectional relationship between GDP (economic growth) and REN prevailed. 

              Many economists have studied aggregate REN and GDP by employing panel data 

methods, and some of them, such as Chang et al. (2015), have considered the effects of CD in 

the panels; they have described the positive effects of REN on economic growth.  Some 

research has demonstrated feedback and positive, bidirectional causal relationships between 

REN and GDP (Apergis & Payne, 2011; Chang et al., 2015).  Only one study (Menegaki, 2011) 

confirmed the neutrality hypotheses by failing to find a causal relationship between variables 

(see Table 2).  Omri et al. (2015) demonstrated unidirectional causality flowing from GDP to 

REN.  Thus, in EU members, it appears that the effects of REN on GDP are positive and there 

exists at least unidirectional causality between energy and economic growth variables.  Table 

2 summarises REN and GDP research results. 

 

Table 2. Summary of the Literature on the Relationship between REN and GDP  

Study Time 
period 

Method Countries 
studied 

Main findings  Direction of causality 

Apergis & 

Payne 

(2011) 

1980–

2006 

Panel 

VECM 

6 central 

American 

countries 

Bi-directional 

relationship and positive 

impact of REN on GDP 

in the long-run 

REN ↔ GDP 

Menegaki 

(2011) 

1997–

2007 

Panel 

VECM 

27 EU 

countries 

No causal correlation 

between REN and GDP  

 

No causality 

Chang et al. 

(2015) 

1990–

2011 

Panel 

Granger 

causality 

G7 

countries 

Bi-directional 

relationship and positive 

impact of REN on GDP 

REN ↔ GDP 

Omri et al. 

(2015) 

1990–

2011 

GMM 17 

developed 

countries 

A unidirectional 

relationship: GDP to 

REN  

GDP → REN 

Note.  Direction of causality is indicated by arrows.  

Abbreviations. EU, European Union; GDP, gross domestic product; GMM, generalised method of moments; REN, 

renewable energy consumption; VECM, vector error correction model.  
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2.4   The relationship between disaggregated REN Sources and GDP  

In the previous section, the findings of studies about the relationship between aggregate energy 

(REN and NREN) and economic growth have been presented. It is also important to evaluate 

studies on the correlation between individual renewable energy sources and economic growth 

(GDP). 

Ohler and Fetters (2014) reviewed the relationship between renewable electricity 

generation and GDP. Their study analyzed the use of biomass, geothermal, solar, and wind-

generated energy in 20 OECD countries from 1990 to 2008. The findings of the panel error-

correction model used in the study revealed the positive effect that the generation of biomass, 

hydro, and wind electricity had on GDP in the long-run. A 1% increase in biomass or 

hydroelectricity boosted economic growth by 0.129% and 0.1114%, respectively in the long-

run. The long-run effects of geothermal, solar, and wind-generated power were minimal at 

0.085%, 0.055%, and 0.053%, respectively. In the short-run, however, biomass energy was 

shown to have a negative effect on GDP, while hydroelectricity had a positive influence on 

GDP. The findings of the causality test confirmed the bidirectional causal linkage between total 

renewable electricity generation and GDP. Geothermal and wind-generated electricity 

demonstrated a negative bidirectional relationship while unidirectional causality from GDP to 

solar electricity was confirmed. 

2.4.1 Hydropower energy and economic growth 

In the academic literature, numerous research has assessed the correlation between 

disaggregated REN consumption and GDP. However, most of these have focused on REN 

consumption, while there exist a relative lack of studies on production. A few, such as Grijó 

and Soares (2016), have considered the production capacity of energy sources. Other studies, 

such as those by Apergis et al. (2016) and Bildirici (2016), have examined the correlation 

between consumption of hydroelectricity and economic growth. 

Bildirici (2016) examined hydroelectric energy consumption in Brazil, Canada, 

Finland, France, Japan, Mexico, the United States, the United Kingdom, and Turkey via the 

ARDL method in pursuance of perceiving the influence of hydroelectric energy consumption 

on economic growth. The results supported an expectation of bidirectional causation in the 

long-run. In general, the outcomes demonstrated that hydropower energy consumption and 

GDP were correlative, and that economic growth was stimulated by a rise in consumption of 

hydroelectricity. 
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Apergis et al. (2016) selected the ten largest consumers of hydroelectricity between 

1965 and 2012 and used panel data to determine the structural break for estimating the long-

run effect of this type of REN on GDP. The main findings of the study revealed the positive 

effects of hydroelectric energy consumption on economic growth, indicating that economic 

support strategies such as subsidies and tax rebates for installing hydropower systems might be 

beneficial. The researchers recommended implementing similar studies in different countries 

and regions of the world to cross-examine the positive effects of this type of energy on 

economic development and encouraged policymakers in these countries to develop the use of 

hydropower. 

2.4.2 Biomass energy and economic growth 

Bildirici and Ersin (2015) reviewed the relationship between biomass energy consumption and 

GDP in ten EU member nations between 1960 and 2010. Specifically, they examined the long- 

and short-run correlation via the ARDL method and the Granger causality test. For some 

countries, such as Spain, Sweden, and France, they found a bidirectional causality link between 

the variables, and in other countries, such as Poland and Hungary, the results indicated a 

unidirectional causality from biomass energy consumption to GDP. Therefore, in the studied 

countries, an increment in biomass energy consumption stimulated economic growth in the 

long-run. 

     In a recent study, Bildirici and Özaksoy (2018) focused separately on three countries—

Albania, Romania, and Bulgaria—during the 1981–2014 period, and used the ARDL method 

and Granger causality test to investigate the causality between the variables. Their results 

indicated that biomass energy consumption advances economic growth in the long run. 

Regarding the direction of causality in the short and long-run, conversation hypotheses existed 

for Albania and the growth hypothesis was confirmed for Romania and Bulgaria. In the strong 

causality, the feedback hypothesis was established for all three countries. 

2.4.3 The Solar and wind energy and economic growth   

Considering solar energy, Grijó and Soares (2016) studied solar photovoltaic (PV) production 

capacity and economic growth in 18 EU countries plus Turkey (which has a high capacity for 

solar PV compared to other countries). The authors used total installed solar PV capacity as the 

primary independent variable while considering other independent variables such as energy 

dependence, employment, GHG emissions, and electricity production from other renewable 

energy sources. Their results revealed that a 1% increase in installed solar PV leads to a 0.02% 
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positive impact on GDP. Also, in general, a 1% increase in electricity production from REN 

sources generates a 0.01% increase to GDP. The authors emphasized the need for a similar 

study of different renewable energy resources in other countries.  

Jaraite et al. (2015) used the proxy variables of wind and solar energy capacity to 

investigate the relationship between REN production capacity and economic development and 

the employment rate in 15 European member states in the 1990–2012 period. In this study, 

solar and wind power capacity were considered rather than the overall capacity of renewable 

energy. It was found that, in the short-run, an increase in wind and solar energy capacity creates 

economic growth and employment opportunities, confirming the growth hypothesis. However, 

the results did not show significant effects on economic growth or employment via increasing 

wind and solar capacity, so the growth hypothesis did not hold for the long-run. 

2.4.4 Summary  

The studies reviewed in this sub-section examined the relationship between disaggregated REN 

and GDP (see Table 3). The findings largely confirm the positive influences of hydroelectric 

and biomass energy on GDP. Most of the research focused on European countries, and both 

energy consumption and production were applied in their economic models. All of these studies 

demonstrated the positive effects of REN consumption and production on GDP in the long-

run. In addition, the feedback hypothesis regarding hydroelectricity consumption and biomass 

in the long-run was confirmed (Bildirici, 2016, 2018). 
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Table 3. Outline of the Reviews on the Relationship Between Disaggregated REN and GDP 

Study Period Method Country Main findings Direction of 

causality  

Ohler& 

Fetters 

(2014) 

1990–

2008 

Granger 

causality test 

20 OECD 

countries 

Positive effects of hydro, 

wind, and solar-

generated electricity 

consumption on GDP 

Solar 

electricity →
 GDP 

Bildirici & 

Ersin (2015) 

1960–

2010 

ARDL and 

Granger 

causality tests 

10 European 

countries 

Feedback and 

conservation hypotheses.  

Positive effect of 
biomass on GDP 

Bio ↔ GDP for 
Spain, Sweden 

and France in the 

long-run.  Bio →
 GDP for Poland 

and Hungary 

Apergis et al. 

(2016) 

1965–

2012 

ARDL and 

Granger 

causality tests 

The 10 largest 

Hydroelectricity 

consumers  

Bi-directional causality 

between 

Hydroelectricity and 

GDP confirms feedback 

hypotheses 

Hydroelec ↔
 GDP 

Bildirici 

(2016)  

1980–

2011 

ARDL 

method 

9 OECD 

countries 

Positive effect of 

Hydroelectricity energy 

consumption on GDP   

Hydroelec ↔
 GDP 
In the Long-run 

Bildirici 

(2018)  

1981–

2014 

ARDL and 

FMOLS  

Albania, 

Romania, 

Bulgaria 

Biomass has a positive 

impact on GDP  
Biomass ↔ GDP 
in the strong 

causality 

 

Grijó & 

Soares 

(2016) 

2000–

2012 

Fixed effects  18 European 

countries 

Positive effect of the 

solar photovoltaic 

production capacity on 

the GDP  

N/A 

Jaraitė et al. 

(2015) 

1990–

2012 

CCEMG, MG 15 European 

countries 

Wind and solar energy 

capacity create 

economic growth in the 

short-run  

Solar, 

Wind →GDP in 
the short-run 

Note.  Arrows indicate the causality direction.  

Abbreviations. ARDL, autoregressive distributed lag; BIO, biomass energy consumption, CCEMG, common correlated effects 

mean group; FMOLS, fully modified ordinary least squares; GDP, gross domestic product; Hydroelec, hydroelectricity energy 

consumption MG, mean group; OECD, Organization for Economic Co-operation and Development; REN, renewable energy 

consumption; Solar, Solar energy capacity; Wind, Wind energy capacity. 

 

This review has shown that there is a lack of comprehensive studies focused on the 

elasticity of correlation and causality between economic growth and different types of REN 

sources that consider cross-sectional dependence in the short and long-run.  Additionally, the 

focus of most existing studies in this field has been on the relationship between REN 

consumption and economic growth.  Thus, the current research has been structured to consider 

both aggregate and disaggregate REN consumption and production in 29 European countries.   
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3 Objective, Research Questions, and Hypothesis 

3.1 Objective and research questions 

The overall objective of the research involves investigating the effects of renewable energy 

consumption and production on GDP in European countries in both the short-run and long-run. 

The study focuses on the following research questions: 

• What is the effect of the consumption and production of a specific renewable energy 

types on economic growth when compared with that of aggregate renewable energy 

consumption or production? 

• Given the long-run relationship between the indicators, what is i) the degree of 

elasticity between the consumption of renewable energy by type and economic growth, 

and ii) between the production of renewable energy by type and economic growth? 

• Which types of renewable energy sources most significantly influence economic 

growth in European countries? 

• What is the direction of the causality linkage between renewable sources and economic 

growth in the short-run and long-run? 

• What policies might be adopted based on the results and causality association between 

the two main energy variables, REN consumption and production, and economic 

growth? 

3.2 Hypothesis 

In the study, the following two hypotheses are assumed according to the results from the 

literature review and the study objectives.  

Hypothesis 1: REN consumption and production positively affect GDP in the long-run. 

Most studies on REN consumption or production in European countries confirm the positive 

effects of renewable energy development on GDP in the long-run. Specifically, previous 

studies (Apergis & Payne, 2012; Chang et al., 2015) focused on the positive effects of aggregate 

renewable energy, and other studies (Bildirici & Ersin, 2015; Grijó & Soares, 2016) examined 

the positive effects of disaggregated renewable energy. Hence, based on studies focused on 

REN and economic growth, the primary hypothesis of this evaluation states that the 

consumption and production development of both aggregate and disaggregated REN sources 

enhance economic growth in the long-run. 
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Hypothesis 2: Bidirectional causality exists with reference to aggregate REN and 

economic growth in the long-run and unidirectional causality exists with respect to the 

disaggregated REN sources in the long-run. 

With respect to the casualty direction that was discussed in the literature review, several 

studies (Apergis & Payne, 2011; Chang et al., 2015; Papiez et al., 2017; Ucan et al., 2014) 

accepted the feedback hypothesis for aggregate REN and economic growth in the long-run, 

and thus bidirectional casualty and the feedback hypothesis are assumed in the long-run for 

aggregated REN and economic growth. With reference to other types of REN source 

consumption or production, most previous studies suggested that at least a unidirectional 

causality exists between the energy source and economic growth in the long-run (Bildirici & 

Ersin, 2015; Jaraite et al., 2015). Thus, a growth hypothesis is predicted for disaggregated REN 

sources in the long-run. 
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4  Data Collection and Methodology 

4.1 Description of the Variables 

Descriptions of the variables and data sources utilized in the present research are shown in 

Table 4.  Energy consumption data has been gathered from Eurostat 2017, and data used 

include the 27 EU countries plus Iceland and Norway (European Commission, 2017).  Data 

collected spans the years 1995–2016.  The nation of Malta was eliminated from the current 

work due to unavailability of data.  Therefore, countries included in the current study are 29 in 

total: Austria, Belgium, Bulgaria, Croatia, Cyprus, the Czech Republic, Denmark, Estonia, 

Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Latvia, Lithuania, 

Luxembourg, the Netherlands, Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, 

Sweden and the United Kingdom (UK).   

 The variables were transformed to logarithmic values prior to analysis.  Data for the gross 

inland consumption of energy and renewable energy primary production in the form of tons of 

oil equivalent were gathered in order to cross-examine the relationship between REN and 

economic growth (GDP).  In Table 4, the abbreviations for the names of variables (column 1) 

are explained by the descriptions in the second column.  Data for economic variables were 

gathered from world development indicators (WDIs) published by the World Bank (2017), and 

data for energy variables were gathered from Eurostat 2017 (European Commission, 2017). 

According to Eurostat (2017), the database for renewable energy gross inland 

consumption is defined as an aggregate of the primary production of energy plus net import of 

the specific energy sources. According to the data gathered, the two variables for the renewable 

energy sources are similar except for the total renewable energy and biomass. Thus, the study 

was carried out for both renewable consumption and production for aggregate renewable 

energy and biomass energy. The other sources of renewable energy have the same result for 

primary production and renewable energy source consumption.  
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Table 4. Description of Variables  

Variable Description Source 

LGDP Gross domestic product (constant 2010 US$), logarithmic values WDI 

LGFC Gross fixed capital formation (constant 2010 US$), logarithmic 

values 

WDI 

LLABOR Total labor force, logarithmic values WDI 

LREN Total renewable energy gross inland consumption (kg tons of oil 

equivalent), logarithmic values 

Eurostat  

LNREN Total non-renewable energy gross inland consumption (kg tons of 

oil equivalent), logarithmic values 

Eurostat  

LBIO Biomass energy gross inland consumption (kg tons of oil 

equivalent), logarithmic values 

Eurostat 

LRENP Total renewable energy primary production (kg tons of oil 

equivalent), logarithmic values 

Eurostat 

LBIOP Biomass energy primary production (kg tons of oil equivalent), 

logarithmic values 

Eurostat 

LGEOP Geothermal energy primary production (kg tons of oil equivalent), 

logarithmic values 

Eurostat 

LHYDROP Hydropower primary production (kg tons of oil equivalent), 

logarithmic values 

Eurostat 

LSOLAR-PVP Solar photovoltaic primary production (kg tons of oil equivalent), 

logarithmic values 

Eurostat 

LSOLAR-TP Thermal solar primary production (kg tons of oil equivalent), 

logarithmic values 

Eurostat 

LWINDP Wind power primary production (kg tons of oil equivalent), 

logarithmic values 

Eurostat 

Notes.  The time span for all variables is 1995–2016.  Data sources are Eurostat 2017 (European Commission, 2017), and the 

World Bank (2017). 

Abbreviations.  L, the logarithmic value of the corresponding variable; WDI, Word Development Indicator database.  

 

4.2 Econometric Methodology 

This study uses panel cointegration analysis, a method well-suited to determining the 

relationship between correlated variables. Before the estimation of the coefficient of the 

econometric model and testing the validity of the hypotheses, three essential steps should be 

done, which are: i), the cross-section dependence test to determine whether it is necessary to 

consider an unobserved common factor; ii) a unit root test to determine the stationary 

proprieties of the time series of the examined variable; and iii)  a cointegration test to 
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investigate the long-run relationship between energy and economic growth  variables (Phillips 

& Sul, 2003). 

4.2.1 Pesaran cross-sectional dependence test 

In the econometrics of panel data, it is generally assumed that the data exhibit sectional 

independence. False estimates can result from the failure to consider sectional dependency, 

thereby leading to incorrect results in common unit root tests, including Levin–Lin–Chu, Im–

Pesaran–Shin, and Hadri. Therefore, the current study uses the Pesaran’s cross-sectional 

dependence (CD) test, since the CD test applies to both balanced and unbalanced panel data. It 

also provides reliable results for samples with large and small cross-sectional dimensions. 

Additionally, the test displays robustness with respect to the occurrence of one or more 

structural breaks in the slope of the regression coefficients. The CD statistic in the Pesaran test 

is estimated based on the average of the ordinary least squares (OLS), with residuals obtained 

from the standard augmented Dickey–Fuller test for panel variables, as specified in the study 

by Pesaran (2004). The null hypothesis in the Pesaran cross-section dependence test 

corresponds to cross-sectional independence. Failure to reject the null hypothesis when the p-

value is not statistically significant determines the existence of a common correction factor 

among the variables (Pesaran, 2004). 

4.2.2 Cross-sectional augmented IPS (CIPS) unit root test 

If cross-sectional dependence is confirmed in the panels under investigation, then the 

implementation of conventional methods to calculate the panel unit roots can increase the 

probability of generating inaccurate results. Thus, the CIPS test for the unit root is employed 

to eliminate the aforementioned problem. The application of the unit root test produces valid 

results while testing the stationary factor in the variables, as specified by Pesaran (2007). 

Similarly, the study by Pesaran (2007) considers cross-sectional dependence as 

indicative of the CIPS statistic calculation in which the unit root test is examined with respect 

to the variables. The null hypothesis of the CIPS panel unit root test states that the series is not 

stationary. The alternative hypothesis states that the series is stationary. The null hypothesis is 

rejected if the statistic of the CIPS corresponding p-value is significant, and the series is 

considered to be stationary. Conversely, if the series is not stationary (i.e., the null hypothesis 

is not rejected since the p-value of the statistic is not significant), then the test should be applied 

on the first differences of the variable to examine for the stationary characteristic. If all the 
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series exhibit the stationary characteristic with respect to the first differences, then the series is 

integrated to order one, and the cointegration test is applied in the next step (Pesaran, 2007). 

4.2.3 Westerlund cointegration test   

If the research variables are first-order integrated, a cointegration test will be carried out. Whilst 

many time series are non-stationary and contain random elements, the central idea of the 

cointegration analysis is that the linear combination of variables may be stationary and non-

random in the long-run. 

The most applicable panel cointegration tests are the ones introduced by Pedroni 

(2002). However, the validity of the tests’ results under the circumstances of cross-sectional 

dependence is low. Therefore, Westerlund (2007) developed an error-correction-based panel 

cointegration test, comprised of further validity in the presence of the following elements: 

correlated cross-sectional units; structural breaks in the intercept and slope of the cointegrated 

regression; error terms with serial correlation; and heteroscedasticity. Therefore, the current 

study uses Westerlund’s cointegration test. Westerlund suggested the four statistics for 

examining the cointegration, two of which examine the cointegration in at least one cross-

section and the others examine the cointegration within the whole panel (Westerlund, 2007). 

The next three sections describe three different estimations to illuminate the 

relationship between the energy sources and economic growth in order to find the elasticity of 

each type of REN in the short and long-run when the dependent variable is economic growth. 

It is essential to apply a different estimator to achieve estimated coefficients that are consistent, 

efficient, and robust to cross-sectional dependence. The last section uses the VECM Granger 

causality to investigate the hypothesis regarding the causality relationship between the variable. 

4.2.4  Autoregressive distributed lag (ARDL) models 

Long- and short-run causal relationships can be estimated using a panel error-correction model. 

Given that an ECM includes lags of dependent variables, it requires a dynamic panel model. 

Therefore, estimating ECM using traditional methods, such as fixed and random effects 

methods might be considered invalid. The current study, therefore, estimates a dynamic panel 

model by using the pooled mean group (PMG), mean group (MG), and dynamic fixed effect 

estimator (DFE) for non-stationary dynamic panels with heterogeneous coefficients, following 

Pesaran & Smith (1995). 
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The ARDL (p, q) model is as follows: 

∆𝐿𝑌1,𝑖𝑡 = 𝛼0𝑖 + 𝛾1𝑖𝐿𝑌1.𝑖𝑡−1 + ∑ 𝛾1𝑖𝐿𝑋1.𝑖𝑡−1
𝑘
𝑗=1 +∑ 𝛽1𝑖𝑗 

𝑃−1
𝑗=1 ∆Y1,𝑖𝑡−𝑗 + ∑ ∑ 𝛽1𝑖𝑗 

𝑘
𝑖=2

𝑞−1
𝑗=0 ∆X1,𝑖𝑡−𝑗+𝜀1𝑖𝑡               (1) 

Δ is the first difference operator. 

The ARDL model equation peruses the short- and long-run relationships of each 

energy source variable with economic growth, which is formulated as follows: 

𝐷𝐿𝐺𝐷𝑃𝑖𝑡 = 𝛼1𝑖 + ∑ 𝛽11𝑖𝑗 
𝑘
𝑗=1 𝐷𝐿𝑅𝐸𝑁(𝑃)𝑖𝑡−𝑗+∑ 𝛽12𝑖𝑗 

𝑘
𝑗=1 𝐷𝐿𝐺𝐹𝐶𝑖𝑡−𝑗 + ∑ 𝛽13𝑖𝑗 

𝑘
𝑗=1 𝐷𝐿𝐿𝐴𝐵𝑂𝑅𝑖𝑡−𝑗 +

𝛾11𝑖𝐿𝐺𝐷𝑃𝑖𝑡−1 + 𝛾12𝑖𝐿𝑅𝐸𝑁(𝑃)𝑖𝑡−1 + 𝛾13𝑖𝐿𝐺𝐹𝐶𝑖𝑡−1 + 𝛾14𝑖𝐿𝐿𝐴𝐵𝑂𝑅𝑖𝑡−1+𝜀1𝑖𝑡                                                       (2) 

𝐷𝐿𝐺𝐷𝑃𝑖𝑡 = 𝛼2𝑖 + ∑ 𝛽21𝑖𝑗 
𝑘
𝑗=1 𝐷𝐿𝑁𝑅𝐸𝑁𝑖𝑡−𝑗+∑ 𝛽22𝑖𝑗 

𝑘
𝑗=1 𝐷𝐿𝐺𝐹𝐶𝑖𝑡−𝑗 + ∑ 𝛽23𝑖𝑗 

𝑘
𝑗=1 𝐷𝐿𝐿𝐴𝐵𝑂𝑅𝑖𝑡−𝑗 +

𝛾21𝑖𝐿𝐺𝐷𝑃𝑖𝑡−1 + 𝛾22𝑖𝐿𝑁𝑅𝐸𝑁𝑖𝑡−1 + 𝛾23𝑖𝐿𝐺𝐹𝐶𝑖𝑡−1 + 𝛾24𝑖𝐿𝐿𝐴𝐵𝑂𝑅𝑖𝑡−1+𝜀2𝑖𝑡                                                          (3) 

𝐷𝐿𝐺𝐷𝑃𝑖𝑡 = 𝛼3𝑖 + ∑ 𝛽31𝑖𝑗 
𝑘
𝑗=1 𝐷𝐿𝐵𝐼𝑂(𝑃)𝑖𝑡−𝑗+∑ 𝛽32𝑖𝑗 

𝑘
𝑗=1 𝐷𝐿𝐺𝐹𝐶𝑖𝑡−𝑗 + ∑ 𝛽33𝑖𝑗 

𝑘
𝑗=1 𝐷𝐿𝐿𝐴𝐵𝑂𝑅𝑖𝑡−𝑗 +

𝛾31𝑖𝐿𝐺𝐷𝑃𝑖𝑡−1 + 𝛾32𝑖𝐿𝐵𝐼𝑂(𝑝) + 𝛾33𝑖𝐿𝐺𝐹𝐶𝑖𝑡−1 + 𝛾34𝑖𝐿𝐿𝐴𝐵𝑂𝑅𝑖𝑡−1+𝜀3𝑖𝑡                                                               (4) 

𝐷𝐿𝐺𝐷𝑃𝑖𝑡 =  𝛼4𝑖 + ∑ 𝛽41𝑖𝑗 
𝑘
𝑗=1 𝐷𝐿𝐺𝐸𝑂𝑃𝑖𝑡−𝑗+∑ 𝛽42𝑖𝑗 

𝑘
𝑗=1 𝐷𝐿𝐺𝐹𝐶𝑖𝑡−𝑗 + ∑ 𝛽43𝑖𝑗 

𝑘
𝑗=1 𝐷𝐿𝐿𝐴𝐵𝑂𝑅𝑖𝑡−𝑗 +

𝛾41𝑖𝐿𝐺𝐷𝑃𝑖𝑡−1 + 𝛾42𝑖𝐿𝐺𝐸𝑂𝑃𝑖𝑡−1 + 𝛾43𝑖𝐿𝐺𝐹𝐶𝑖𝑡−1 + 𝛾44𝑖𝐿𝐿𝐴𝐵𝑂𝑅𝑖𝑡−1+𝜀4𝑖𝑡                                                            (5)                            

𝐷𝐿𝐺𝐷𝑃𝑖𝑡 = 𝛼5𝑖 + ∑ 𝛽51𝑖𝑗 
𝑘
𝑗=1 𝐷𝐿𝐻𝑌𝐷𝑅𝑂𝑃𝑖𝑡−𝑗+∑ 𝛽52𝑖𝑗 

𝑘
𝑗=1 𝐷𝐿𝐺𝐹𝐶𝑖𝑡−𝑗 + ∑ 𝛽53𝑖𝑗 

𝑘
𝑗=1 𝐷𝐿𝐿𝐴𝐵𝑂𝑅𝑖𝑡−𝑗 +

𝛾51𝑖𝐿𝐺𝐷𝑃𝑖𝑡−1 + 𝛾52𝑖𝐿𝐻𝑌𝐷𝑅𝑂𝑃𝑖𝑡−1 + 𝛾53𝑖𝐿𝐺𝐹𝐶𝑖𝑡−1 + 𝛾54𝑖𝐿𝐿𝐴𝐵𝑂𝑅𝑖𝑡−1+𝜀5𝑖𝑡                                                     (6) 

𝐷𝐿𝐺𝐷𝑃𝑖𝑡 = 𝛼6𝑖 + ∑ 𝛽61𝑖𝑗 
𝑘
𝑗=1 𝐷𝐿𝑆𝑂𝐿𝐴𝑅_𝑃𝑉𝑃𝑖𝑡−𝑗+∑ 𝛽62𝑖𝑗 

𝑘
𝑗=1 𝐷𝐿𝐺𝐹𝐶𝑖𝑡−𝑗 + ∑ 𝛽63𝑖𝑗 

𝑘
𝑗=1 𝐷𝐿𝐿𝐴𝐵𝑂𝑅𝑖𝑡−𝑗 +

𝛾61𝑖𝐿𝐺𝐷𝑃𝑖𝑡−1 + 𝛾62𝑖𝐿𝑆𝑂𝐿𝐴𝑅_𝑃𝑉𝑃𝑖𝑡−1 + 𝛾63𝑖𝐿𝐺𝐹𝐶𝑖𝑡−1 + 𝛾64𝑖𝐿𝐿𝐴𝐵𝑂𝑅𝑖𝑡−1+𝜀6𝑖𝑡                                                (7) 

𝐷𝐿𝐺𝐷𝑃𝑖𝑡 = 𝛼7𝑖 + ∑ 𝛽71𝑖𝑗 
𝑘
𝑗=1 𝐷𝐿𝑆𝑂𝐿𝐴𝑅_𝑇𝑃𝑖𝑡−𝑗+∑ 𝛽72𝑖𝑗 

𝑘
𝑗=1 𝐷𝐿𝐺𝐹𝐶𝑖𝑡−𝑗 + ∑ 𝛽73𝑖𝑗 

𝑘
𝑗=1 𝐷𝐿𝐿𝐴𝐵𝑂𝑅𝑖𝑡−𝑗 +

𝛾71𝑖𝐿𝐺𝐷𝑃𝑖𝑡−1 + 𝛾72𝑖𝐿𝑆𝑂𝐿𝐴𝑅_𝑇𝑃𝑖𝑡−1 + 𝛾73𝑖𝐿𝐺𝐹𝐶𝑖𝑡−1 + 𝛾74𝑖𝐿𝐿𝐴𝐵𝑂𝑅𝑖𝑡−1+𝜀7𝑖𝑡                                                   (8) 

𝐷𝐿𝐺𝐷𝑃𝑖𝑡 = 𝛼8𝑖 + ∑ 𝛽81𝑖𝑗 
𝑘
𝑗=1 𝐷𝐿𝑊𝐼𝑁𝐷𝑃𝑖𝑡−𝑗+∑ 𝛽82𝑖𝑗 

𝑘
𝑗=1 𝐷𝐿𝐺𝐹𝐶𝑖𝑡−𝑗 + ∑ 𝛽83𝑖𝑗 

𝑘
𝑗=1 𝐷𝐿𝐿𝐴𝐵𝑂𝑅𝑖𝑡−𝑗 +

𝛾81𝑖𝐿𝐺𝐷𝑃𝑖𝑡−1 + 𝛾82𝑖𝐿𝑊𝐼𝑁𝐷𝑃𝑖𝑡−1 + 𝛾83𝑖𝐿𝐺𝐹𝐶𝑖𝑡−1 + 𝛾84𝑖𝐿𝐿𝐴𝐵𝑂𝑅𝑖𝑡−1+𝜀8𝑖𝑡                                                         (9) 

 

The variables used in the equation are explained in Table 4. In equation 1-9, 𝛼0𝑖 is the 

intercept coefficient and 𝛽𝑖𝑗  and 𝛾𝑖 are the estimated coefficients of independent and dependent 

variables in the model. The 𝜀1𝑖𝑡 … . 𝜀8𝑖𝑡… are the error terms. The D prefix stands for the first 

differences and the L prefix for the logarithmic level of the variables; 𝐽 = 1, … , 𝐾 is the number 

of the lag for the variables mentioned in the equations, and the dependent variable is DLGDP, 

which stands for the first difference of the logarithmic value of economic growth. The other 

economic control variable in the model, DLGFC stands for the first difference of the 
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logarithmic value of total gross fixed formation, while DLLABOR stands for the first 

differences of the logarithmic of the labor forces. 

 Three different estimators are proposed by Pesaran, Shin & Smith (1999). The PMG, 

MG, and DFE estimators are investigated to estimate the long- and short-run heterogeneous 

coefficients of the non-stationary dynamic panels. The Hausman test was used to determine the 

more efficient estimator among them in accordance with the recommendation of Blackburne 

& Frank (2007). 

4.2.5 Dynamic ordinary least square (DOLS) and fully modified ordinary least 

square methods (FMOLS) 

To achieve the robustness of the estimated coefficient of the ARDL estimation method, the 

cointegration method can be applied to the panel. Thus, if Westerlund’s cointegration test 

indicates the presence of a cointegration correlation, the long-run cointegration vector can be 

estimated using the dynamic OLS (DOLS; Siekkinen, 1991) and fully modified OLS (FMOLS) 

methods. The FMOLS proposed by Phillips and Hansen (1990), with the assumption of a non-

parametric and normal estimate, will be used to obtain the median unbiased long-run 

coefficient of the estimation.  

To obtain an unbiased estimate of long-run parameters, and to gain endogenous 

correction of the variables used in the model, a parametric adjustment of errors is implemented 

by entering the past and future values of the first-order difference of interpretive variables, an 

approach which accounts for the leads and lags of the regressors for the parametric regression 

of DOLS following the method proposed by Pedroni (2000). 

4.2.6 Dynamic common correlated effect estimator (DCCE)  

For aggregate renewable and non-renewable energy consumption, the dynamic commonly 

correlated effect estimator investigated by Pesaran (2006) was implemented. The 

heterogeneous coefficient of the error-correction model was estimated by Chudik & Pesaran 

(2015). The DCCE estimator was robust to cross-section dependence among the panel and, 

therefore, conducted to check the validity of the ARDL model, as per the approach of Phillips 

& Sul (2003). The estimation was handled with STATA by using the XTDCCE2 command 

developed by Ditzen (2016). 
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4.2.7 The VECM Granger causality analysis 

The final step in the econometric assessment is to check for Granger causality. Doing so reveals 

the direction of causality between the energy and GDP variables, thus enabling examination of 

the hypotheses presented in the theoretical section: growth, feedback, and neutral and 

conservation hypotheses. 

The Granger causality analysis proposed by Granger (1969), base on the vector error-

correction model, was carried out to investigate the long and short-run causality between the 

renewable energy source and economic growth. This analysis was implemented in EViews 10. 

Causality can be examined for the long and the short-run relationships between the 

variables. The error correction term in the Granger causality was interpreted for the long-run 

causality test between the variable. The result of the Granger causality test is dependent on the 

length of the lag determined for the estimation. If the lag is shorter than the optimum lag length, 

eliminating the appropriate lag will create a slope of homogeneity. However, if the lag is longer 

than the optimum level, a misleading estimation will result. Therefore, the Bayesian 

Information Criterion (BIC) determine the lag length to avoid a misleading result (Hartwig, 

2009). 

After examining the effects of the renewable energy sources on economic growth and 

investigating the causal relationship between the variables, this study will discuss the results in 

light of the present literature to understand the contribution of renewable energy to sustainable 

economic development. 
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5 Econometric Results 

In this chapter, the results of the econometric analysis obtained via analysis using Stata (version 

15, StataCorp LLC) and EViews (version 10; IHS Markit Corporation) software are presented 

and interpreted.  Panel data on the consumption of energy and production, coupled with 

economic variables, were developed to produce an estimation result.  The panel data form a 

balanced panel covering 21 years, 1995–2016.  All the variables are presented as logarithmic 

transformations; therefore, the coefficient of estimation could be shown as an elasticity of the 

variable, in relation to GDP as a dependent variable.  To investigate the integration order of the 

variables and to determine the features of each cross-section, second-generation unit root 

(CIPS) tests and cross-sectional dependent (CSD) tests were implemented. 

5.1 The Pesaran Cross-sectional Dependence Test (CD) 

Cross-sectional dependence could be examined by using the Pesaran CD test (Pesaran, 2004) 

for the variables, and the first differences of the variables are reported in Tables 5 and 6.  The 

null hypothesis assumes cross-sectional independence, in comparison with cross-sectional 

dependence in the series’ alternative hypotheses. The tests outcomes are shown in Table 5 for 

economic and energy consumption variables, and for the energy production variables, the 

findings are displayed in Table 6. The test was conducted with Stata command XTCSD 

advanced by De Hoyos & Sarafidis (2006). 

Table 5. Pesaran Cross-sectional Dependence Test  

Variable Cross-sectional Dependence (CD) 

 CD test p-value Corr Abs (Corr) 

LGDP 76.95 0.000 0.931 0.931 

LGFC 57.90 0.000 0.701 0.702 

LLABOR 42.98 0.000 0.530 0.795 

LREN 72.76 0.000 0.880 0.880 

LNREN 24.20 0.000 0.293 0.500 

LBIO 70.76 0.000 0.856 0.856 

DLGDP 41.37 0.000 0.510 0.513 

DLGFC 30.08 0.000 0.371 0.379 

DLLABOR 4.63 0.000 0.057 0.201 

DLREN 4.19 0.000 0.052 0.183 

DLNREN 19.49 0.000 0.240 0.299 

DLBIO 4.11 0.000 0.051 0.160 

Notes.  Presuming the null hypothesis of cross-sectional independence, the Pesaran statistic (CSD) is assigned as N (0, 1) with 
Stata command XTCSD.  The average correlation (corr) and absolute average correlation (Abs (corr)) coefficients existing 

between each type of energy variable are estimated.   

Abbreviations.  BIO, biomass consumption; CD, cross-sectional dependence; D, the first difference of the variable; DLGDP, 

difference logarithmic value of GDP; GDP, gross domestic product; L, logarithmic value of the corresponding variable; LGDP, 
gross domestic product, the logarithmic value; NREN, total non-renewable energy consumption; REN, total renewable energy 

consumption.  
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The CD test results and corresponding p-values are reported for the renewable energy 

production variable in Table 6. 

Table 6. Pesaran Cross-sectional Dependence Test of Renewable Energy Production  

Variable Cross-sectional Dependence (CD) 

 CD test ð-value Corr Abs (Corr) 

LRENP 82.89 0.000 0.877 0.877 

LBIOP 75.04 0.000 0.794 0.801 

LGEOP 29.94 0.000 0.320 0.320 

LHYDROP 13.716 0.000 0.150 0.260 

LSOLAR-PVP 60.021 0.000 0.640 0.640 

LSOLAR-TP 57.899 0.000 0.610 0.610 

LWINDP 80.68 0.000 0.854 0.854 

DLRENP 4.86 0.000 0.053 0.190 

DLBIOP 3.83 0.000 0.041 0.182 

DLGEOP 0.014 0.989   0.000 0.080 

DLHYDROP 11.898 0.000 0.130 0.250 

DLSOLAR-PVP 18.207 0.000 0.200 0.250 

DLSOLAR-TP 7.24 0.000 0.088 0.160 

DLWINDP 6.16 0.000 0.067 0.239 
Notes.  Presuming the null hypothesis of cross-sectional independence, the Pesaran statistic (CSD) is assigned as N (0, 1) with 

Stata command XTCSD.  The average correlation (corr) and absolute average correlation (Abs (corr)) coefficients existing 

between each type of energy variable are estimated.   

Abbreviations.  BIOP, biomass production; CD, cross-sectional dependence; D, the first difference of the variable; DLGDP, 
difference logarithmic value of GDP; GDP, gross domestic product; GEOP, geothermal energy production; HYDROP, 

hydropower production; L, logarithmic value of the corresponding variable; LGDP, gross domestic product, the logarithmic 
value; RENP, total renewable energy production; SOLAR-PVP, solar photovoltaic production; SOLAR-TP, solar thermal 

production; WINDP, wind power production. 

 

Pesaran’s CD test revealed the presence of cross-sectional dependence in all variables, 

except geothermal energy (LGEOP) in the first differences. The first difference of geothermal 

energy (DLGEOP) was not statistically significant for geothermal production, and thus the null 

hypothesis of cross-sectional independence could not be rejected.  Therefore, cross-sectional 

independence was distributed; the average correlation (corr) in the panel for this variable was 

near zero. The results for the REN production and energy consumption are similar, and the null 

hypothesis of cross-sectional independence is rejected at 1% significance level. There is strong 

evidence of cross-sectional dependence among the countries in the panel. The Pesaran CD test 

revealed a dependency between the cross-sections of the panel.  This result shows the 

importance of conducting the CIPS unit root and Westerlund panel-data co-integration tests, 

which add robustness to the estimation result between the cross-sections in the panel. 
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5.2 Second-Generation Unit Root Test 

Table 7 and 8 list the outcome of a CIPS unit root test. The results include the logarithmic level 

and first differences of the variable in conjunction with the trend in the time series. The Zt-bar 

and the corresponding p-value are also reported in the table. Two models are considered. In the 

first model, the time series does not consider the deterministic trend, whereas this is considered 

in the second model. In both models, the number of lags included is specified by the Akaike 

information criterion (AIC). 

Table 7. Second-Generation unit root test 

Variables Second-Generation unit root test CIPS (Zt-bar) 

 Without Trend P-value With Trend P-value 

LGDP 0.880 0.811 -3.160        0.001 *** 

LGFC 1.330 0.908 -1.448    0.074 * 

LLABOR 1.088 0.862 4.583 1.000 

LREN -2.929        0.002 *** -1.269 1.000 

LNREN -0.142 0.443 -0.914 0.180 

LBIO -1.700      0.045 ** -0.838 0.201 

DLGDP -8.967       0.000 *** -6.438        0.000 *** 

DLGFC -8.650       0.000 *** -6.566        0.000 *** 

DLLABOR -8.412       0.000 *** -9.523        0.000 *** 

DLREN -16.308       0.000 *** -14.791        0.000 *** 

DLNREN -10.432       0.000 *** -8.451        0.000 *** 

DLBIO -14.863       0.000 *** -13.399        0.000 *** 

Note: the CIPS test was conducted in Stata by multipurt command with the consideration of the number of lag one, under the 

null hypothesis of the series is not stationary.  

Abbreviations.  CD, cross-sectional dependence; D, the first difference of the variable; DLGDP, difference logarithmic value 
of GDP; GDP, gross domestic product; L, logarithmic value of the corresponding variable; LGDP, gross domestic product, 

the logarithmic value; *** denotes a significant result at the 1% level; ** denotes a significant result at the 5% level; *denotes 

a significant result at the 10% level. 
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The result of the CIPS unit root test for the renewable energy production variable is 

presented in Table 8, and the model specification is similar to the variable in Table 7.  

Table 8. Second-Generation Unit Root Test of Renewable Energy Production 

Variables Second-Generation unit root test CIPS (Zt-bar) 

 Without Trend P-value With Trend P-value 

LRENP -5.022         0.000 *** 1.893 1.000 

LBIOP -3.705         0.000 *** -0.807 0.210 

LGEOP 6.152 1.000 8.773 1.000 

LHYDROP 0.102 0.541 1.372 0.915 

LSOLAR-PVP 1.826 0.966 2.507 0.994   

LSOLAR-TP 3.652 1.000 5.013 1.000 

LWINDP 1.668 0.952 3.916 1.000 

DLREN -9.523        0.000 *** -7.835        0.000 *** 

DLBIO -15.393        0.000 *** -13.890        0.000 *** 

DLGEOP -7.087        0.000 *** -5.791        0.000 *** 

DLHYDROP -4.475        0.000 *** -1.637      0.051 ** 

DLSOLAR-PVP -6.541        0.000 *** -4.528          0.000 *** 

DLSOLAR-TP -5.168        0.000 *** -6.232        0.000 *** 

DLWINDP -5.711        0.000 *** -5.995        0.000 *** 

Note: the CIPS test was conducted in Stata by multipurt command with the consideration of the number of lag one, under the 

null hypothesis of the series is not stationary. 

Abbreviations. CSD, cross-sectional dependence; D, the first difference of the variable; DLGDP, difference logarithmic value 
of GDP; GDP, gross domestic product; L, logarithmic value of the corresponding variable; LGDP, gross domestic product, 

the logarithmic value; *** denotes a significant result at the 1% level; ** denotes a significant result at the 5% level; *denotes 

a significant result at the 10% level. 

 

The null hypothesis of the CIPS unit root test assumes a non-stationary series while the 

alternative hypothesis implies a stationary series. The p-value suggests that it is failing to reject 

the null hypothesis and that all variables are non-stationary concerning their logarithmic level. 

According to the result for the first differences in the table, the null hypothesis of non-

stationarity is rejected at the one percent significance level and confirmed the stationary series 

of the variables in the first differences. Thus, the results of the second-generation unit root test 

indicated that all variables are stationary in first differences and integrated with order one. The 

same result is confirmed for the renewable energy production variable presented in Table 8. 

The first differences of the renewable production are statistically significant at the 1% level, 

and hydropower energy is also statistically significant at the 5% level. Thus, based on the CIPS 

test, there is a strong indication that renewable energy production variables are stationary at the 

first differences as well. The non-stationary properties of the series in the logarithmic level 

could lead to a spurious regression result. However, because all variables are stationary in first 

differences, justifies an investigation into the cointegration relationship between the variables 

through the Westerlund cointegration test in order to avoid misleading estimation result in the 

long-run estimation. 
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          In the next step, because all of the variables are I (1), the presence of a cointegration 

relationship between the variables is estimated using the Westerlund cointegration test. Thus, 

in the later stage, a cointegration test is implemented to investigate the cointegration and long-

run equilibrium following the linear combination of the variables. 

5.3 The Westerlund Cointegration Test 

After examining the statistical stationarity of the variable, the Westerlund panel cointegration 

test, which adds robustness to cross-sectional dependence in the panel, was implemented to 

estimate the cointegration links between the variables.  The Westerlund co-integration test was 

implemented using four statistical tests, the Gt, Ga, Pt and Pa tests, estimated by the XTWEST 

command in STATA (Persyn, 2010), and variance ratio statistic estimated by the 

XTCOINTTEST command. The results of the test are displayed in Tables 9 and 10 for the 

cointegration between energy consumption and production with GDP, respectively. 

Table 9. Westerlund Cointegration Test  

Variable Statistic  Value Z-value  P-value 

 

 

LREN 

Gt –2.686 –1.973  0.024 *** 

Ga –17.791 –4.249  0.000 *** 

Pt –11.769 –1.906  0.028 *** 

Pa –14.000 –4.051  0.000 *** 

Variance ratio 4.5052 N/A  0.000 *** 

 

 

LNREN 

Gt -3.264 -5.423  0.000 *** 

Ga -29.603 -12.765  0.000 *** 

Pt -13.044 -3.391  0.000 *** 

Pa -22.193 -10.630  0.000 *** 

Variance ratio 7.3063 N/A  0.000 *** 

 

 

LBIO 

Gt -2.265 0.542  0.706 

Ga -16.703 -3.464  0.000 *** 

Pt -11.430 -1.511  0.065 ** 

Pa -15.446 -5.212  0.000 *** 

Variance ratio 5.9856 N/A  0.000 *** 

Ga -16.054 -3.365  0.080 * 

Pt -15.300 -4.569  0.006 *** 
Notes.  ***Denotes a significant result at the 1% level; **denotes a significant result at the 5% level; *denotes a significant 

result at the 10% level.  The Gt and Ga statistics test co-integration for each cross-section, and Pt and Pa test co-integration in 

the panel, which is estimated by the XTWEST command (Stata software, version 15).  The variance ratio is estimated by the 
XTCOINTTEST command for Westerlund (Stata software, version 15).  The dependent variable is LGDP; the null hypothesis 

is no co-integration. Number of lags determined by AIC. 

Abbreviations.  BIO, biomass energy consumption; GDP, gross domestic product; L, logarithmic value of the corresponding 

variable; NREN, total nonrenewable energy consumption; REN, total renewable energy consumption. 
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Table 10. Westerlund Cointegration Test of Renewable Energy Production 

Variable  Statistic  Value Z-value  P-value 

 

 

LRENP 

Gt -2.561 -1.294  0.097 ** 

Ga -10.198 1.436  0.925 

Pt -13.590 -2.531  0.006 *** 

Pa -10.038 -0.970  0.050 *** 

Variance ratio 6.9471 N/A  0.000 *** 

 

 

LBIOP 

Gt -2.679 -2.074  0.019 *** 

Ga -9.996 1.596  0.945  

Pt -13.652 -2.602  0.005 *** 

Pa -10.202 -1.115  0.132 

Variance ratio 7.9491 N/A  0.000 *** 

 

 

LGEOP 

Gt -3.248 -5.844  0.000 *** 

Ga -11.081 0.737  0.770 

Pt -15.314 -4.503  0.000 *** 

Pa -11.099 -1.902  0.029 *** 

Variance ratio 10.4560 N/A  0.000 *** 

 

 

LHYDROP 

Gt -3.053 -4.553  0.000 *** 

Ga -10.619 1.103  0.865 

Pt -14.857 -3.981  0.000 *** 

Pa -10.701 -1.553  0.060 ** 

Variance ratio 10.1507 N/A  0.000 *** 

 

 

LSOLAR-PVP 

Gt -3.465 -7.282  0.000 *** 

Ga -11.133 0.695  0.757  

Pt -15.470 -4.682  0.000 *** 

Pa -11.538 -2.288  0.011 *** 

Variance ratio 2.3124 N/A  0.010 *** 

 

 

LSOLAR-TP 

Gt -2.799 -2.866  0.002 *** 

Ga -10.105 1.510  0.935 

Pt -15.244 -4.423  0.000 *** 

Pa -11.508 -2.262  0.012 *** 

Variance ratio 8.9804 N/A  0.000 *** 

 

 

LWINDP 

Gt -3.440 -7.118  0.000 ** 

Ga -10.651 1.077  0.859 

Pt -16.382 -5.724  0.000 *** 

Pa -11.904 -2.610  0.005 *** 

Variance ratio 3.5574 N/A  0.000 *** 
Notes.  ***Denotes a significant result at the 1% level; **denotes a significant result at the 5% level; *denotes a significant 

result at the 10% level.  The Gt and Ga statistics test co-integration for each cross-section, and Pt and Pa test co-integration in 
the panel, which is estimated by the XTWEST command (Stata software, version 15).  The variance ratio is estimated by the 

XTCOINTTEST command for Westerlund (Stata software, version 15).  The dependent variable is LGDP; the null hypothesis 

is no co-integration. Number of lags determined by AIC. 

Abbreviations.  BIOP, biomass energy production; GEOP, geothermal energy production; HYDROP, hydropower production; 
L, logarithmic value of the corresponding variable; RENP, total renewable energy production; LSOLAR-PVP, solar 

photovoltaic energy production; LSOLAR-TP, solar thermal energy production; WINDP, wind power energy production. 

 

After examining the stationarity of the variables to check their long-run equilibrium 

relationship, the Westerlund panel cointegration test was applied. This type of cointegration 

test accounts for the cross-sectional dependence in the panel. According to the null hypothesis 

of the test, there is no cointegration relationship between the variables in the model. If the p-

value of the Westerlund statistic is lower than the significance level, the null hypothesis of no 
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cointegration is rejected. Conversely, in the alternative hypothesis, there is at least one 

cointegration relationship between energy consumption and economic growth. 

Westerlund co-integration statistics are displayed in Table 9, inclusive of their 

corresponding p-values.  With economic growth (GDP) as the dependent variable, the results 

indicated evidence of co-integration for all energy source variables.  According to the p-value 

of the Westerlund statistic reported in Table 9, the null hypothesis of no co-integration was 

rejected for most of the co-integration test statistics, and the variance ratio statistic was 

significant for all variables at the 1% level, indicating cointegration between variables, with 

the assumption of a constant trend in the time series. 

 Two of the four statistics — the Gt and Ga statistics — examined the existence of 

cointegration in at least one cross-section, but Pt and Pa examined cointegration in the entire 

panel.  All energy sources showed presence of cointegration between the variables at the 1% 

level for the entire panel, as shown by the Pt and Pa statistics.   

For renewable energy production, the result of the Westerlund cointegration is 

presented in Table 10. The model was adopted based on the constant and deterministic trend 

in the series. The variance ratio statistic for all the statistics is statistically significant and 

strongly rejects the null hypothesis of no cointegration. Among the other four statistics, the Ga 

is not statistically significant for all the sources, but the Pt, Pa and Gt statistics confirmed the 

cointegration relationship. According to the study implemented by Westerlund, (2007), the 

insignificant coefficient of the Ga could be due to the small sample size of the estimation of 

this statistic. Thus, the results give affirmation for the existence of cointegration between REN 

production and GDP for the whole panel as well as the cross-section countries in the panel. 

To summarise, the findings of the Westerlund cointegration test confirm the existence 

of a long-run equilibrium between the REN source consumption and production and GDP.  In 

section 5.5, a long-run coefficient estimated by DOLS and FMOLS cointegration is discussed. 

 After implementing a three-step process of i) the CD test, ii) the CIPS unit root test, and 

iii) the Westerlund co-integration test, long-run co-integration between the variables was found 

to be a linear combination of the variables, even though they were non-stationary at their level.  

Thus, the model could be analysed using the ARDL panel estimation method. 
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5.4 ARDL Model Estimation Result 

In this section, the short and long-run relationship between the energy sources and economic 

growth is investigated using the ARDL model. The ARDL model is an appropriate model to 

consider the short and long-run relationship of the variables simultaneously. The aim is to 

estimate the effects of the energy variables on economic growth. The number of lags for 

dependent variables and the independent variables is selected according to the Bayesian 

information criterion (BIC) lag selection method; the best model is the ARDL (1,1,1,1) to 

minimize the statistic of BIC across all of the energy sources. The lag selection for the 

aggregate REN consumption and economic growth model is presented in Table 11. For other 

energy sources, the same method determines the appropriate model. 

Table 11 ARDL Model Selection Criteria  

Model LogL AIC BIC* HQ Specification 

1 1676.29648 -5.646002 -4.723903 -5.285718 ARDL (1, 1, 1, 1) 

4 1696.21786 -5.634847 -4.533017 -5.204339 ARDL (2, 1, 1, 1) 

7 1702.02380 -5.572550 -4.290989 -5.071817 ARDL (3, 1, 1, 1) 

2 1727.46517 -5.581396 -4.120103 -5.010437 ARDL (1, 2, 2, 2) 

5 1750.92156 -5.583049 -3.942025 -4.941866 ARDL (2, 2, 2, 2) 

8 1776.98565 -5.594151 -3.773396 -4.882743 ARDL (3, 2, 2, 2) 

3 1778.85005 -5.517573 -3.517087 -4.735940 ARDL (1, 3, 3, 3) 

6 1814.96409 -5.565087 -3.384870 -4.713230 ARDL (2, 3, 3, 3) 

9 1843.28164 -5.584354 -3.224405 -4.662271 ARDL (3, 3, 3, 3) 

Note.  AIC and BIC: Bayesian information criterion HQ: Hannan–Quinn information criterion. 

 

5.4.1 Aggregate renewable energy 

In this section, the result of the autoregressive distributed lag (“ARDL”) method was 

investigated through three estimators: the pooled mean group (“PMG”); mean group analysis 

(“MG”); and dynamic fixed effect (“DFE”). The results, together with the outcomes from the 

Hausman specification test (“Hausman test”), show the efficient estimation reported in Table 

12. The Hausman test was performed between the estimators MG and PMG, and MG and DFE, 

respectively. The dependent variable is economic growth and the lag number is one, as assigned 

by the Bayesian information criterion (“BIC”). The negative and significance error-correction 

term (“ECT”) confirmed the results of the cointegration test regarding the relationship between 

variables in the long-run. Aggregated renewable energy holds for the sum of biomass and 
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renewable waste, hydropower, geothermal, wind power, solar photovoltaic, and solar thermal 

energy sources. 

Table 12. ARDL Estimation Result for the Aggregated Renewable Energy  

 Dependent variable DLGDP 

Estimation REN Consumption (DFE)  REN Production (PMG) 

 Coefficient P-value  Coefficient P-value 

Short-run elasticities 

DLREN 0.0217 0.001 DLRENP 0.0481 0.648 

DLGFC 0.1453 0.000 DLGFC 0.1773 0.000 

DLLABOR 0.0317 0.666 DLLABOR 0.1895 0.028 

Constant 1.3181 0.000 Constant 2.4164 0.000 

Speed of adjustment 

ECT –0.0866 0.000 ECT –0.0901 0.000 

Long-run elasticities 

LREN 0.0921 0.001 LRENP 0.0560 0.000 

LGFC 0.6340 0.000 LGFC 0.5030 0.000 

LLABOR -0.3336 0.118 LLABOR -0.9090 0.000 

N 598  N 598  

 Hausman test for renewable energy consumption 

Hausman 

MG/DFE 

 Chi-square statistic, 0.000; P-value 1.000 

H0: DFE is superior estimator  

Hausman 

MG/PMG 

 Chi-square statistic, 6.39; P-value 0.0943 

H0: PMG is superior estimator 

 Hausman test for renewable energy production  

Hausman 

MG/DFE 

 Chi-square statistic, 2.82; P-value, 0.4202 

H0: DFE is superior estimator 

Hausman 

MG/PMG 

 Chi-square statistic, 5.78; P-value, 0.1229 

H0: PMG is superior estimator 

Notes.  The ARDL test was conducted in Stata (version 15) by exercising the XTPMG command, with consideration for lag 

1. by ARDL (1, 1, 1, 1). 

Abbreviations. D, the first difference of the variable; DFE, dynamic fixed effect; DLGDP, difference GDP, the logarithmic 
value; ECT: error correction term; GDP, gross domestic product (economic growth); L, the logarithmic value of the 

corresponding variable; LABOR, Total labor force; MG, mean group; N, sample number; PMG, pooled mean group; GFC, 

gross fixed capital formation; REN, renewable energy consumption; RENP, renewable energy production. 

 

The results of the Panel ARDL model, displayed in Table 12, are based on the model 

explained in the econometric section (4.2.4). Economic growth is the dependent variable and 

PMG, and DFE estimation methods are implemented for estimating the short- and long-run 

relationships between renewable energy production and consumption and economic growth, 

respectively. The Hausman test determines the most appropriate estimation method based on 

long-run homogeneity of the estimation coefficients. In the Hausman test between MG and 

DFE, the p-value is not significant, the null hypothesis of homogeneity of variance is rejected, 

and the DFE estimator is more consistent. The DFE estimation method assumes the cross-

section of the entire panel to be a single cross-section. 
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The ECT is significant and negative indicating a long-run equilibrium aftershock to the 

system. The independent variable, REN consumption, in the short- and long-run, has a positive 

and significant effect on the economy. In the short- and long-run, a 1% rise in REN 

consumption is associated with an increase in GDP by 0.02% (short-run) and 0.09% (long-

run), respectively. 

 According to Pesaran et al. (1999), the Hausman test can compare the long-run 

coefficient estimation method in a long-run estimation if the homogeneity of the coefficient is 

confirmed. The MG estimation would be more significant in comparison with PMG. However, 

if the heterogeneity of the coefficient is the correct model, the PMG estimator would be more 

efficient. For renewable energy production, as reported by the Hausman test, the null 

hypotheses of long-term heterogeneity cannot be rejected at  the 1% significance level, so the 

PMG model would be more efficient in model estimation. 

 The coefficient of PMG estimation for the short-run reveals that there is no significant 

relationship between GDP and renewable energy production. The insignificance of the short-

run coefficient is due to a different coefficient for cross-sections. The error-correction term is 

negative and significant. In the long-run, a 1% increase in REN production is associated with 

an increase in GDP by 0.05%. Thus, renewable production does not have a short-run effect on 

GDP in comparison with renewable energy consumption, while, in the long-run, the influence 

of REN production on GDP is positive and statistically significant. 
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5.4.2 Aggregate NREN consumption 

In this study, aggregate NREN consumption includes gross inland figures for coal, oil and 

natural gas.  The outcomes of ARDL analysis for NREN were based on the same economic 

variables of total GFCF, labor force as an independent variable, and economic growth (GDP) 

as a dependent variable.  The analysis was conducted according to the panel ARDL model, and 

the results are illustrated in Table 13. 

Table 13. ARDL Estimation Result for the Aggregate Non-Renewable Energy 

Dependent variable DLGDP 

Estimation NREN Consumption PMG 

 Coefficient P-value 

Short- run elasticities 

DLNREN 0.0849 0.000 

DLGFC 0.1756 0.000 

DLLABOR 0.1472 0.106 

Constant 0.8517 0.000 

Speed of adjustment 

ECT -0.0627 0.000 

Long-run elasticities 

LNREN 0.1454 0.047 

LGFC 0.6783 0.000 

LLABOR -0.3581 0.032 

N 609 609 

Hausman test for nonrenewable energy consumption 

Hausman  

MG/DFE 

Chi-square statistic 0.000 P-value 1.000 

H0: DFE is superior estimator 

Hausman 

MG/PMG 

Chi-square statistic 1.49 P-value 0.6836 

H0: PMG is superior estimator 

Note: the test was computed in Stata by ‘XTPMG’ command with a consideration of the number of lag 1, by ARDL (1, 1, 1, 

1). 

Abbreviations.  D, the first difference of the variable; DLGDP, difference GDP, the logarithmic value; ECT: error correction 
term; GDP, gross domestic product (economic growth); L, the logarithmic value of the corresponding variable; LABOR, Total 

labor force; N, sample number; NREN, non-renewable energy consumption; PMG, pooled mean group; GFC, gross fixed 

capital formation. 

 

            The results of the PMG estimator, which were determined by the Hausman test to be 

an efficient estimator method, confirmed the positive and significant short- and long-run effects 

of total NREN consumption on GDP, suggesting that employing NREN sources is more 

efficient than using REN sources.  The results revealed that a 1% addition in NREN 

consumption is associated with an increase in GDP in the short- and long-run by 0.08% and 

0.14%, respectively.  
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5.4.3 Biomass energy   

Biomass energy plays a critical role in renewable energy advancement in European countries.  

Thus, the impact of biomass energy consumption, and production, on GDP has a fundamental 

role in promoting renewable energy investment policies in Europe.  Biomass energy sources 

include biogases, biofuels, and solid biomass energies.  According to EU Observer (2017), in 

2016, biomass energy production created 352,500 jobs in Europe, and the industry had a 

turnover of over 31.9 billion Euros. 

Table 14. ARDL Estimation Result for the Biomass Energy  

 Dependent variable DLGDP 

Estimation BIO Consumption (DFE)  BIO Production (PMG) 

 Coefficient P-value  Coefficient P-value 

Short-run elasticities 

DLBIO 0.0093 0.174 DLBIOP -0.0011 0.921 

DLGFC 0.1432 0.000 DLGFC 0.1777 0.000 

DLLABOR 0.0205 0.847 DLLABOR 0.2019 0.010 

Constant 1.1610 0.000 Constant 2.3238 0.000 

Speed of adjustment 

ECT -0.0790 0.000 ECT -0.0864 0.000 

Long-run elasticities 

LBIO 0.0601 0.044 LBIOP 0.0529 0.030 

LGFC 0.6725 0.000 LGFC 0.5258 0.000 

LLABOR -0.3398 0.021 LLABOR -0.9495 0.000 

N 609  N 609  

 Hausman test for Biomass energy consumption 

Hausman 

MG/DFE 

 Chi-square statistic 0.00 P-value 1.0000 

H0: DFE is superior estimator 

Hausman 

MG/PMG 

 Chi-square statistic 6.49 P-value 0.0900 

H0: PMG is superior estimator 

 Hausman test for Biomass energy production  

Hausman 

MG/DFE 

 Chi-square statistic 0.00 P-value 1.0000 

H0: DFE is superior estimator 

Hausman 

MG/PMG 

 Chi-square statistic 0.63 P-value 0.8890 

H0: PMG is superior estimator 

Notes.  The ARDL test was estimated in Stata (version 15) by exercising the XTPMG command, with consideration for lag 1.  

by ARDL (1, 1, 1, 1). 

Abbreviations.  BIO, Biomass energy consumption; BIOP, Biomass energy production; D, the first difference of the variable; 

DFE, dynamic fixed effect; DLGDP, the first difference of the logarithmic value of GDP; ECT, error correction term, GDP, 
gross domestic product (economic growth); GFC, gross fixed capital formation; L, the logarithmic value of the corresponding 

variable; LABOR, Total labor force; N, sample number; PMG, pooled mean group. 

 

             In this research, the Hausman test was used subsequent to an estimation of the mean 

group (MG), pooled mean group (PMG) and dynamic fixed effect (DFE) models.  The results 

of the Hausman test are shown in Table 14.  The results indicated that DFE is the most 
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appropriate estimator.  The DFE model shows a considerable homogeneity between all 

variables; the coefficients of PMG and DFE are robust and confirm the reliability of the 

estimation result.  According to the estimation result, the short-run relationship between 

biomass consumption and economic growth is not significant, but in the long-run, the effect of 

both estimations confirmed that the correlation between biomass energy consumption and GDP 

is significant in Europe.  The results indicated that a 1% addition in biomass consumption is 

associated with an increase in GDP by 0.06%. 

             The effect of biomass production was estimated by the PMG method.  Based on the 

results of the Hausman test, PMG estimation is a more efficient method.  The p-values yielded 

by the Hausman test were not significant at the 1% level, and thus, the null hypothesis could 

not be rejected.  This result confirmed that the PMG estimator is the robust estimation method 

available. The error correction term (ECT) was negative and significant, and this result 

confirmed the long-run equilibrium between the variables. According to the results of the PMG 

estimation, there is no significant relationship between biomass energy production and GDP in 

the short-run.  A 1% increment in biomass production is associated with an increase in GDP 

by 0.05% in the long-run.  The long-run estimation coefficient was synonymous with the 

biomass energy consumption coefficient, and in the short-run, biomass production had an 

insignificant impact on Europe’s GDP.   
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5.4.4 Geothermal energy 

The results of the DFE estimation for geothermal energy production are presented in Table 15. 

As per the European Commission (EurObserv’ER, 2017), geothermal energy, when confirmed 

to other renewable energy sources exhibits the lowest turnover and employment corresponding 

to 1,400 million euros and 8,600 jobs, respectively, in the European Union countries for the 

year 2016. 

Table 15. ARDL Estimation Results for Geothermal Energy Production 

Dependent variable DLGDP 

Estimation GEO Production (DFE) 

 Coefficient P-value 

Short- run elasticities 

DLGEOP -0.0064 0.060 

DLGFC 0.5200 0.000 

DLLABOR 0.2451 0.004 

Constant 1.7763 0.000 

Speed of adjustment 

ECT -0.1006 0.000 

Long-run elasticities 

LGEOP 0.02894 0.044 

LGFC 0.39442 0.000 

LLABOR -0.0781 0.680 

N 609  

Hausman test for GEO production 

Hausman  

MG/DFE 

Chi-square statistic 0.000 P-value 1.000 

H0: DFE is superior estimator 

Hausman 

MG/PMG 

Chi-square statistic 24.79 P-value 0.0000 

H0: PMG is superior estimator 

Notes.  The ARDL test was conducted in Stata (version 15) by exercising the XTPMG command, with consideration for lag 

1. by ARDL (1, 1, 1, 1). 

Abbreviations.  D denotes the first difference of the variable; DFE denotes dynamic fixed effect; DLGDP denotes first 
difference of the logarithmic value of GDP; GDP denotes gross domestic product (economic growth); L denotes the 

logarithmic value of the corresponding variable; LABOR, denote Total labor force; N denotes the sample number; PMG 
denotes pooled mean group; GEO denotes geothermal energy consumption; GEOP denotes geothermal energy production 

GFC, denotes the gross fixed capital formation. 

 

The result of the Hausman test determined the DFE estimator to be a more efficient 

estimator rather than the MG and PMG. The p-value of the Hausman test between the MG and 

PMG estimators is statistically significant and leads to a rejection of the null hypotheses which 

stated that the MG is the more efficient estimation. In another Hausman test, between the MG 

and DFE, the p-value is not significant, and the DFE estimator was thus determined to be a 

more efficient estimation. 
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 Based on the results in Table 15, geothermal energy production in the short-run is 

negative and significantly affects the economic growth for the DFE estimator, with an 

approximate coefficient of -0.01%. In the long-run, geothermal energy production significantly 

affects GDP as shown by the DFE estimator.  A 1% rise in geothermal energy production is 

associated with an increase in GDP by 0.02%. The estimation with the PMG and MG estimator 

result in a similar coefficient. 

5.4.5 Hydropower  

The ARDL estimation for hydropower production is reported in Table 16 along with the 

Hausman test in order to determine the more efficient estimator. 

Table 16. ARDL Estimation Result for Hydropower  

Dependent variable DLGDP 

Estimation HYDRO Production (PMG) 

 Coefficient P-value 

Short- run elasticities 

DLHYDROP 0.0011 0.764 

DLGFC 0.1835 0.000 

DLLABOR 0.1574 0.094 

Constant 2.2285 0.000 

Speed of adjustment 

ECT -0.0822 0.000 

Long-run elasticities 

LHYDROP 0.0868 0.006 

LGFC 0.5134 0.000 

LLABOR -0.9529 0.000 

N 609  

Hausman test for HYDRO production 

Hausman  

MG/DFE 

Chi-square statistic 1.25 P-value 0.7414 

H0: DFE is superior estimator 

Hausman 

MG/PMG 

Chi-square statistic 4.27 P-value 0.2335 

H0: PMG is superior estimator 

Notes.  The ARDL test was conducted in Stata (version 15) by exercising the XTPMG command, with consideration for lag 

1. by ARDL (1, 1, 1, 1). 

Abbreviations.  D denotes the first difference of the variable; DLGDP denotes first difference of the logarithmic value of GDP; 

GDP denotes gross domestic product (economic growth); HYDROP, denotes hydropower production; L denotes the 
logarithmic value of the corresponding variable; LABOR, denotes total Labor force; N denotes the sample number; PMG 

denotes pooled mean group; GFC, denotes the gross fixed capital formation. 

 

According to the Hausman result, when considering heteroscedasticity, PMG is more 

reliable than the MG and DFE estimators. The coefficient of the PMG estimator is given in 

Table 16.  In the short-run, there is no significant relationship between hydropower production 

and GDP. The error-correction term is significant and negative, indicating that the system 

returns to equilibrium and there is a long-run correlation between the variables. The long-run 
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impact of hydropower production on GDP is positive and significant. With a 1% increase in 

hydropower production, is associated with an increase of 0.08%.  

5.4.6 Solar photovoltaic energy   

The results of the ARDL model for solar photovoltaic energy (PV) production are listed in 

Table 17. The BIC determines the number of lags for the dependent and independent variables. 

Table 17. ARDL Estimation Result for Solar Photovoltaic  

Dependent variable DLGDP 

Estimation SOLAR-PV Production (DFE) 

 Coefficient P-value 

Short- run elasticities 

DLSOLAR-PVP -0.0388 0.359 

DLGFC 0.2606 0.000 

DLLABOR -0.2348 0.048 

Constant -2.3039 0.000 

Speed of adjustment 

ECT -0.0914 0.000 

Long-run elasticities 

LSOLAR-PVP 0.0164 0.000 

LGFC 1.0844 0.000 

LLABOR -1.6759 0.598 

N 609  

Hausman test for SOLAR-PV production 

Hausman  

MG/DFE 

Chi-square statistic 0.000 P-value 1.000 

H0: DFE is superior estimator 

Hausman 

MG/PMG 

Chi-square statistic 0.67 P-value 0.8798 

H0: PMG is superior estimator 

Notes.  The ARDL test was conducted in Stata (version 15) by exercising the XTPMG command, with consideration for lag 

1. by ARDL (1, 1, 1, 1). 

Abbreviations.  D denotes the first difference of the variable; DFE denotes dynamic fixed effect; DLGDP denotes first 
difference of the logarithmic value of GDP; GDP denotes gross domestic product (economic growth); L denotes the 

logarithmic value of the corresponding variable; LABOR, denotes total Labor force; N denotes the sample number; PMG 
denotes pooled mean group; SOLAR-PV, denotes Solar photovoltaic energy production; GFC, denotes the gross fixed capital 

formation. 

 

The results for the DFE estimators based on the Hausman test for solar PV energy 

production confirms the positive but small impact of solar PV energy on GDP. A 1% gain in 

solar PV energy production is associated with a stimulates GDP by 0.01% in the long-run. In 

the short-run, a significant relationship does not exist between the variables. The DFE 

estimators indicate the insignificant effects of solar PV energy on economic growth in the 

short-run.  
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5.4.7 Solar thermal energy  

The results of the DFE estimators for solar thermal energy production are listed in Table 18. 

The appropriate estimator to estimate the coefficient is determined based on the Hausman test 

results. 

Table 18. ARDL Estimation Result for Solar Thermal 

Dependent variable DLGDP 

Estimation SOLAR-T Production (DFE) 

 Coefficient P-value 

Short- run elasticities 

DLSOLAR-TP -0.0111 0.068 

DLGFC 0.0509 0.000 

DLLABOR 0.2478 0.004 

Constant 1.9178 0.000 

Speed of adjustment 

ECT -0.0995 0.000 

Long-run elasticities 

LSOLAR-TP 0.0333 0.000 

LGFC 0.8554 0.000 

LLABOR -0.2067 0.598 

N 609  

Hausman test for SOLAR-T production 

Hausman  

MG/DFE 

Chi-square statistic 0.000 P-value 1.000 

H0: DFE is superior estimator 

Hausman 

MG/PMG 

Chi-square statistic 11.09 P-value 0.0077 

H0: PMG is superior estimator 

Notes.  The ARDL test was conducted in Stata (version 15) by exercising the XTPMG command, with consideration for lag 

1. by ARDL (1, 1, 1, 1). 

Abbreviations.  D denotes the first difference of the variable; DFE denotes dynamic fixed effect; DLGDP denotes first 

difference of the logarithmic value of GDP; GDP denotes gross domestic product (economic growth); L denotes the 
logarithmic value of the corresponding variable; LABOR, denotes total labor force; N denotes the sample number; SOLAR-

TP, denotes Solar Thermal energy production GFC, denotes the gross fixed capital formation. 

 

As shown in the Hausman test results, in the ARDL estimations, DFE estimators are 

more consistent than PMG estimators. Between the MG and PMG estimators, the null 

hypothesis of the Hausman test is rejected and the MG is the more efficient estimator. Between 

MG and DFE, the more efficient estimator is the DFE, since the corresponding p-value is not 

statistically significant, and the null hypothesis is not rejected. So, as shown in the Hausman 

test results, in the ARDL estimations, the DFE estimators are more consistent than the MG and 

PMG estimators.  

Solar thermal energy negatively affects GDP in the short-run as per the results of the 

DFE estimators in Table 18. A 1% increase in solar thermal production is associated with a 

decrease in GDP by 0.01% in the short-run. In the long-run, solar thermal energy boosts GDP. 
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Thus, a 1% expansion in solar thermal energy production is associated with an increase in GDP 

by 0.03%. 

5.4.8 Wind energy  

In this section, the ARDL model with one lag ARDL (1,1,1,1) is determined based on the BIC, 

and is implemented to estimate the short and long-run effects of wind energy production on 

economic growth. Wind power is well developed in the European Union countries and plays a 

critical role in the renewable energy sector. Based on the European Commission 

(EurObserv’ER, 2017), wind power created a turnover of 40 thousand-million-euros and 

309,000 jobs in 2016 in the 28 EU countries. 

Table 19. ARDL Estimation Result for Wind Energy 

Dependent variable DLGDP 

Estimation WIND Production (PMG) 

 Coefficient P-value 

Short- run elasticities 

DLWINDP 0.0027 0.971 

DLGFC 0.1792 0.000 

DLLABOR 0.1742 0.050 

Constant 2.3451 0.000 

Speed of adjustment 

ECT -0.0945 0.000 

Long-run elasticities 

LWINDP 0.0114 0.005 

LGFC 0.4619 0.000 

LLABOR -0.6782 0.000 

N 609  

Hausman test for Wind power production 

Hausman  

MG/DFE 

Chi-square statistic 0.000 P-value 1.000 

H0: DFE is superior estimator 

Hausman 

MG/PMG 

Chi-square statistic 2.48 P-value 0.4894 

H0: PMG is superior estimator 

Notes.  The ARDL test was conducted in Stata (version 15) by exercising the XTPMG command, with consideration for lag 

1. by ARDL (1, 1, 1, 1). 

Abbreviations.  D denotes the first difference of the variable; DLGDP denotes first difference of the logarithmic value of GDP; 

GDP denotes gross domestic product (economic growth); L denotes the logarithmic value of the corresponding variable; 
LABOR, denotes total labor force; MG denotes mean group; N denotes the sample number; GFC, denotes the gross fixed 

capital formation; WINDP, wind power production. 

 

As shown in the results of the estimation in Table 19, in both Hausman tests, the 

corresponding p-value is not statistically significant and thereby fails to reject the null 

hypothesis. Between DFE and PMG, regarding the presence of the heteroscedasticity in the 

time series, PMG is the more efficient estimator. The coefficient of ECT is negative and 

significant at the 1% level, thereby confirming the long-run relationship. The long-run 
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estimation coefficient confirms that wind energy production significantly and is associated with 

an increase in GDP, since a 1% increase in wind energy production is associated with an 

increase in GDP by 0.01%. With respect to the short-run estimation, the impacts of wind 

production on GDP is not statistically significant. This result illustrates that the impact of wind 

power production on GDP is smaller than the impact of hydropower and biomass. 

5.5 FMOLS and DOLS Results 

Cointegration tests confirmed the long-run relationship between the variables, and the panel 

ARDL analysis yielded coefficients for short- and long-run estimations.  By examining 

different estimators, panel FMOLS and DOLS estimations were also carried out to improve the 

consistency of the evaluation.  To ensure the robustness of the estimation results, a long-run 

estimation was performed using DOLS and FMOLS methods.  Results are displayed in Tables 

20 and 21.  Coefficients and P-values of energy sources are presented in the tables.  The 

coefficients of the economic indicators are not shown.   

The results confirm outcomes for the long-run estimation yielded by panel ARDL.  The 

similarity of the coefficients yielded by the different estimators confirmed the method´s 

efficacy and results.  Labor force and GFCF were estimated as explanatory variables for the 

econometric model, but these coefficients were excluded from Tables 20 and 21 in order to 

streamline data presentation.  Nevertheless, it should be noted that the coefficients of Labor 

and GFCF were positive and significant for all estimations. 

Table 20. The FMOLS and DOLS Estimation Result for REN Sources Production  

Dependent variable LGDP 

 

Estimation 

method 

FMOLS DOLS 

 Coefficient P-value Coefficient P-value 

LWINDP 0.035432 0.0000 0.036168 0.0000 

LSOLAR-PVP 0.027476 0.0000 0.020809 0.0000 

LSOLAR-TP 0.021020 0.0000 0.031275 0.0000 

LHYDROP 0.141976 0.0000 0.128137 0.0000 

LBIOP 0.119620 0.0000 0.084028 0.0000 

LGEOP 0.043053 0.0431 0.060423 0.0000 

LRENP 0.143808 0.0000 0.130073 0.0000 

Note. Estimates coefficient for gross fixed capital formation (GFC) and Labor (L) are excluded from the table for conciseness. 

Abbreviations.  LGDP denotes logarithmic value of GDP; GDP denotes gross domestic product (economic growth); L denotes 

the logarithmic value of the corresponding variable; LABOR, denotes total labor force; RENP, denotes renewable energy 

production; BIOP denotes biomass energy production; HYDRO, denotes hydropower production: SOLAR-PV, denotes solar 
photovoltaic energy production SOLAR-TP, denotes solar Thermal energy production GE, denotes geothermal energy 

production. 
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Estimation coefficients were obtained from EViews (version 10) software, and in the 

DOLS estimation, the lag number was assigned as stated by the Akaike information criterion 

(AIC). The panel estimation method was weighted and pooled in order to consider 

heteroscedasticity in the panel.  The DOLS and FMOLS estimations confirmed the robustness 

of the coefficients.  These results were in line with the previously performed long-run 

estimation in the ARDL model.  All renewable production sources, in the long-run, had a 

significant and positive impact on GDP as the dependent variable.  Accordingly, a 1% increase 

in the production of wind, solar PV, solar thermal, hydropower, biomass, geothermal and total 

renewable production is associated with an increase in GDP approximately by 0.03%, 0.02%, 

0.02%, 0.12%, 0.10%, 0.04% and 0.14%, respectively.  Among the renewable energy sources, 

hydropower and biomass production had the strongest positive association with an increase in 

GDP. 

Table 21. The FMOLS and DOLS Estimation Result for Energy Consumption 

Dependent variable LGDP 

 

Estimation 

method 

FMOLS DOLS 

 Coefficient P-value Coefficient P-value 

LBIO 0.106459 0.0000 0.100067 0.0000 

LREN 0.180746 0.0000 0.133753 0.0000 

LNREN 0.275160 0.0000 0.210503 0.0000 
Note. Estimates coefficient for capital (GFC) and Labor (L) are excluded from the table for conciseness the variable is in 

logarithmic level. 

Abbreviations.  LGDP denotes logarithmic value of GDP; GDP denotes gross domestic product (economic growth); L denotes 

the logarithmic value of the corresponding variable; LABOR, denotes total labor force; REN, denotes renewable energy 

consumption; NREN, denotes non-renewable energy consumption; BIO denotes biomass energy consumption. 

 

           The coefficients of the FMOLS and DOLS estimators for REN consumption are 

presented in Table 21. The result indicated the positive association between renewable energy 

consumption on Europe’s economic growth.  The DOLS and FMOLS approach yielded a 

similar estimation coefficient in terms of signs and significance.  An increase in REN by 1% is 

associated with an increase in GDP by 0.18% and 0.13% for FMOLS and DOLS, respectively.  

The coefficients of LABOR and GFC were also positive and significant, and both variables 

had a positive impact on GDP.  The results for REN were in line with the long-run ARDL 

estimation. 

 For non-renewable energy consumption, the current work indicated a positive and 

significant effect on Europe’s GDP, as a 1% rise in NREN is associated with an increase the 

region’s GDP by 0.27% and 0.21% for FMOLS and DOLS estimators, respectively.  
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5.6 Dynamic Common Correlated Estimator (DCCE) 

In this section, the model for total renewable energy consumption and production was analyzed 

with the Dynamic Common Correlated estimator (DCCE model). The results of the DCCE 

estimator for aggregate REN consumption and production and NREN consumption are 

presented in Tables 22 and 23. The similarity of these results with the results from the other 

estimation methods can increase the efficiency of the coefficient and avoid misleading results. 

The estimation was implemented for total REN and NREN consumption to reaffirm the 

estimated coefficients by ARDL and FMOLS methods. The test calculates the cross-sectional 

dependence on the error term (CD statistic), and the p-value of the test is not statistically 

significant. Thus, this test failed to reject the null hypotheses of no cross-sectional dependence, 

and thus the estimation is robust to cross-sectional dependence. 

Table 22. The DCCE Estimation Result for Aggregated Renewable Energy  

Dependent variable DLGDP 

Estimation REN Consumption DCCE  REN Production DCCE 

 Coefficient P-value  Coefficient P-value 

Short- run elasticities 

DLREN 0.0114 0.000 DLRENP -0.0215 0.185 

DLGFC 0.0942 0.000 DLGFC 0.5300 0.006 

DLLABOR -0.0038 0.800 DLLABOR 0.1405 0.392 

Constant 3.9760 0.044 Constant 4.4850 0.007 

Speed of adjustment 

ECT -0.2019 0.007 ECT -0.0975 0.008 

Long-run elasticities 

LREN 0.0514 0.000 LRENP 0.0400 0.000 

LGFC 0.1519 0.000 LGFC 0.1372 0.008 

LLABOR -0.0256 0.800 LLABOR -0.0652 0.527 

N 575  N 580  

N. country 29  N. country 29  

F (304, 171) 2.16 0.00 F (304, 171) 2.75 0.00 

R-Squared 0.70  R-Squared 0.87  

RMSE 0.01  RMSE 0.01  

CD statistic -0.20 0.8394 CD statistic 0.07 0.9480 

Note: the test was conducted in Stata by XTDCCE2command with a consideration of the number of lag 1. 

Abbreviations.  CD, stand for the cross-section dependence test; D denotes the first difference of the variable; DFE denotes 

dynamic fixed effect; DLGDP denotes first difference of the logarithmic value of GDP; GDP denotes gross domestic product 
(economic growth); GFC, denotes the gross fixed capital formation;  L denotes the logarithmic value of the corresponding 

variable; LABOR, denotes total labor force; MG, denotes mean group; N denotes the sample number; REN, denotes renewable 

energy consumption RENP, denotes renewable energy production; RMSE: the root-mean-square error. 
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Table 23. The DCCE Estimation result for Aggregated Non-Renewable Energy  

Dependent variable DLGDP 

Estimation NREN Consumption DCCE 

 Coefficient P-value 

Short- run elasticities 

DLNREN 0.0738 0.001 

DLGFC 0.1472 0.000 

DLLABOR -0.0391 0.746 

Constant 1.2711 0.106 

Speed of adjustment 

ECT -0.0975 0.008 

 Long-run elasticities  

LNREN 0.1265 0.000 

LGFC 0.0420 0.017 

LLABOR -0.0256 1.000 

N 575  

N. country 29  

F (304, 171) 2.72 0.00 

R-Squared 0.70  

RMSE 0.02  

CD statistic 0.52 0.6029 

Note: The test was conducted in Stata by XTDCCE2 command with the consideration of the number of lag 1. 

Abbreviations.  CD, stand for the cross-section dependence test; D denotes the first difference of the variable; DFE denotes 

dynamic fixed effect; DLGDP denotes first difference of the logarithmic value of GDP; GDP denotes gross domestic product 

(economic growth); GFC, denotes the gross fixed capital formation;  L denotes the logarithmic value of the corresponding 
variable; LABOR, denotes total labor force; MG, denotes mean group; N denotes the sample number; NREN, denotes non-

renewable energy consumption; RMSE: the root-mean-square error. 

 

The results of the DCCE of panels for aggregate renewable energy consumption and 

production are provided in Table 22. Root-mean-square error (RMSE) and CD statistics were 

also estimated. The null hypothesis of the CD test was cross-sectional independence. The CD 

statistics for NREN and REN were 0.6 and 0.8, respectively, and failed to reject the null 

hypothesis; thus, the estimation was robust to cross-sectional dependence among the panels. 

The RMSE statistic was less than 1, confirming the accuracy of the model. The error-correction 

coefficient (ECT) of renewable energy was higher than that of non-renewable energy, 

indicating that convergence to equilibrium was faster for renewable energy. The long-run 

estimation also confirmed that renewable energy is associated with an increase in economic 

growth over time, because a 1% increase in REN consumption and production was associated 

with an increase in GDP by 0.05% and 0.04%, respectively. In the short-run, the economic 

impact of renewable energy consumption was more significant compared with renewable 

energy production. A 1% increase in REN consumption was associated with an increase in 

GDP by 0.01%, but the coefficient for REN production was not significant. This finding is 

similar to those obtained from the PMG or FMOLS estimators. The coefficient was also smaller 
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than the ARDL estimator due to differences in the type of estimator and the effects of cross-

sectional dependence. 

For NREN consumption, as stated by the result presented in table 23, the ECT is 

negative and statistically significant, which is confirmed in the long-run relationship between 

the variables. The coefficients of the NREN are statistically significant, with a 1% rise in 

NREN consumption is associated with an increase in GDP by 0.07% and 0.12% in the short-

run and long-run, respectively, a higher impact than is associated with renewable energy 

consumption. 

5.7 Vector Error Correction Model Granger Causality 

In the last section of the econometric assessment, the Granger causality test was conducted to 

discover the causal relationship between the variables in the short and long-run (see Tables 24 

and 25). The result of the Granger causality test determined the validity of the relevant 

hypotheses among the feedback, neutral, growth, and conservation hypotheses according to the 

direction of causality. The coefficient of ECT indicated the long-run causality direction 

between GDP and renewable energy sources. The Granger causality test was conducted in 

EViews 10, and the optimum number of lags was specified by the Schwarz Criterion (SC). The 

null hypothesis of the Granger causality test indicated that the independent variable does not 

Granger cause the dependent variable. Thus, the alternative hypothesis was there is Granger 

causality between the variables. If the corresponding p-value is statistically significant, the null 

hypothesis of no causality is rejected, and the causality between the variables confirmed.  
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Table 24. VECM Granger Causality Results Between REN Production and GDP 

Direction of causality Short-run causality Wald Test–

Chi-Square 

Long-run ECT 

Renewable Energy 

∆GDP→∆RENP  10.5515 ***  -0.0130*** 

∆RENP→∆GDP  2.3494  -0.0640*** 

Hydropower 

∆GDP→∆HYDROP  19.8277***  -0.0001 

∆HYDROP→∆GDP  1.2231  -0.1061*** 

Wind Power 

∆GDP→∆WINDP  4.6773*  -0.0003 

∆WINDP→∆GDP  4.1315  -0.106*** 

Solar Thermal 

∆GDP→∆SOLAR-TP  17.4111***   0.0049 

∆SOLAR-TP→∆GDP  2.9434  -0.0722*** 

Solar Photovoltaic 

∆GDP→∆SOLAR-PVP  11.9079***  -0.0037 

∆SOLAR-PVP→∆GDP  13.8584***  -0.0661*** 

Geothermal 

∆GDP→∆GEOP  1.0514  -0.0011 

∆GEOP→∆GDP  2.8183  -0.1204 *** 

Biomass 

∆GDP→∆BIOP  0.0726  -0.0014 

∆BIOP→∆GDP  0.1256  -0.1070*** 

Notes. Wald Test–Chi-Square for short-run causality in parentheses → indicated the direction of causality*** indicated 

significant at the 1% level, ** indicated significant at the 5% level and * indicated significant at the 10% level ∆ represents 

the first difference of the variable. 

Abbreviations.  BIOP, biomass energy production; ECT indicate the error-correction term; GEOP, geothermal energy 

production; HYDROP, hydropower production; RENP, total renewable energy production; SOLAR-PVP, solar photovoltaic 

energy production; SOLAR-TP, solar thermal energy production; WINDP, wind power energy production. 

 

Table 25. VECM Granger Causality Results Between Energy Grass Inland Consumption and GDP 

Direction of causality Short-run causality Wald Test–

Chi-Square 

Long-run ECT 

Renewable Energy 

∆GDP→∆REN  9.0098 ***  -0.0038*** 

∆REN→∆GDP  4.7429  -0.0612*** 

Non-renewable energy 

∆GDP→∆NREN  18.1038***  -0.0006 

∆NREN→∆GDP  17.8640***  -0.0107*** 

Biomass 

∆GDP→∆BIO  0.5076  -0.0036*** 

∆BIO→∆GDP  0.3192  -0.100*** 

Notes. Wald Test–Chi-Square for short-run causality in parentheses → indicated the direction of causality*** indicated 

significant at the 1% level, ** indicated significant at the 5% level and * indicated significant at the 10% level ∆ represents 

the first difference of the variable. 

Abbreviations.  BIO, biomass energy consumption; ECT indicate the error-correction term; L, the logarithmic value of the 

corresponding variable; NREN, total non-renewable energy consumption; REN, total renewable energy consumption. 
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             The results of the VECM Granger causality test are reported in Tables 24 and 25. The 

test was conducted using EViews software, with the optimum number of lags ascertained by 

the Schwarz Criterion (SC). Wald tests were performed to measure the short-run causality of 

the variables, and ECT was conducted to gauge the long-run causality of the variables. In the 

tables, the chi-squared value from the Wald test is reported for short-run causality, and the ECT 

coefficient is given for long-term causality.  

The causality results indicate that there exists unidirectional causality that runs from 

GDP, to aggregate REN consumption and production in the short-run. The same causality 

direction is confirmed between economic growth and solar thermal and wind energy, as well 

as hydropower production in the short run.  This supports the conservation hypotheses for the 

aforementioned type of REN sources in the short-run. This illustrates that increases in 

economic growth positively impact renewable energy production and consumption and 

increase the demand for renewable energy in the short-run, and that in the short run energy-

saving policies for renewable energy do not have negative consequences for economic growth. 

The results for non-renewable energy in the short-run suggest the existence of 

bidirectional causation between non-renewable energy consumption and economic growth. 

Conversely, for non-renewable energy in the long-run, the results reveal that unidirectional 

causality exists between NREN and economic growth. In contrast, REN production and 

consumption exhibit a bi-causal relationship with economic growth in the long-run. 

In the short-run, bidirectional causality only holds for solar photovoltaic production and 

economic growth. There is strong evidence for the feedback hypotheses in the production of 

solar photovoltaic energy. The results strongly support the European Union’s increased 

investment in solar photovoltaic energy. 

In the short-run, there is no causal relationship between economic growth and biomass 

production or consumption. In the long-term, however, the ECT coefficient confirmed the bi-

directional long-run causal relationship between economic growth and biomass energy 

consumption, and unidirectional causality between biomass production and GDP. 

In reference to the causality link between the variables, in the long-run, the ECT 

coefficient indicates bi-directional causality of the aggregate REN consumption and production 

and GDP. Moreover, the unidirectional long-run causality between hydro, solar photovoltaic, 

wind, geothermal, biomass energy production and GDP confirm the growth hypotheses in the 

long-run. Consequently, for the majority of the energy sources, the growth hypotheses were 
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confirmed in terms of long-run causality. This validates the second hypothesis of the study 

mentioned in section (3.2). In particular, for total REN consumption and production, the 

feedback hypotheses were confirmed in the long-run. 

In summary, the Granger causality results confirm the different hypotheses and 

direction of causality in the short- and long-run for the REN sources and economic growth. 

Different hypotheses are therefore confirmed depending on the specific production or 

consumption of REN sources. For all of the REN sources, there is either bidirectional or 

unidirectional causality in the short- or long-run, indicating that the hypotheses proposed by 

Menegaki (2011) are not confirmed in this study. The results support the growth hypothesis 

indicating that production and consumption of REN sources cause an increase in GDP in the 

long run.  
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6 Discussion  

6.1 Summary of The Results and Answers to The Research Questions   

The study analyses the short- and long-run causal correlation between production and 

consumption of REN sources and GDP in 29 European countries. The research was limited by 

the availability of data for the period 1995–2016. The autoregressive distributed lag (ARDL) 

approach was used to investigate short- and long-run correlation among the variables. First, the 

Westerlund cointegration method found long-run cointegration among the variables. The 

ARDL model was implemented in the next step for each type of energy source. To check the 

robustness of estimation coefficients, the FMOLS and DOLS assessments were carried out. 

The DCCE estimator was also implemented to check the efficiency of the coefficient in the 

presence of cross-sectional dependence. A summary of the ARDL estimation result and 

Granger causality analysis is presented in Tables 26 and 27. 

Table 26. Summary of the ARDL Estimation Results 

 Dependent variable GDP 

Energy variables  Short-run Long-run 

RENP NS + 

HYDROP NS + 

WINDP NS + 

SOLAR-TP - + 

SOLAR-PVP NS + 

GEOP - + 

BIOP NS + 

REN + + 

NREN + + 

BIO NS + 

Notes. +, indicates the positive association with economic growth, -, shows the negative association with economic growth. 

Abbreviations.  BIOP, biomass energy production; BIO, biomass energy consumption; GEOP, geothermal energy production; 
HYDROP, hydropower production; NS, not significant; NREN, non-renewable energy consumption; RENP, total renewable 

energy production; REN, total renewable energy consumption; SOLAR-PVP, solar photovoltaic energy production; SOLAR-

TP, solar thermal energy production; WINDP, wind power energy production. 
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Table 27. Summary of The VECM Granger Causality Results  

Energy variables  Short-run Long-run 

RENP ∆GDP→∆RENP ∆GDP↔∆RENP 

HYDROP ∆GDP→∆HYDROP ∆HYDROP→∆GDP 

WINDP ∆GDP→∆WINDP ∆WINDP→∆GDP 

SOLAR-TP ∆GDP→∆SOLAR-TP ∆SOLAR-TP→∆GDP 

SOLAR-PVP ∆GDP↔∆SOLAR-PVP ∆SOLAR-PVP→∆GDP 

GEOP NS ∆GEOP→∆GDP 

BIOP NS ∆BIOP→∆GDP 

REN ∆GDP→∆REN ∆GDP↔∆REN 

NREN ∆GDP↔∆NREN ∆NREN→∆GDP 

BIO NS ∆GDP↔∆BIO 

Notes. Causality direction indicated via arrows, ∆ represents the first difference of the variable. 

Abbreviations.  BIOP, biomass energy production; BIO, biomass energy consumption; GEOP, geothermal energy production; 
HYDROP, hydropower production; NS, not significant; NREN, non-renewable energy consumption; RENP, total renewable 

energy production; REN, total renewable energy consumption; SOLAR-PVP, solar photovoltaic energy production; SOLAR-

TP, solar thermal energy production; WINDP, wind power energy production. 

 

6.1.1 The effects of aggregate REN and NREN on GDP    

After investigating cross-sectional dependence on the panel, the panel unit root and Westerlund 

cointegration tests were used based on cross-sectional dependence in the panels. The results 

reveal that the variables are I (I) and a cointegration relationship exists for the panels. The 

ARDL model was subsequently applied to estimate the short- and long-run relationship, and 

FMOLS and DOLS was estimated to analyze the long-run relationship. The results were 

computed for aggregate REN and NREN energy. The results from the ARDL model confirm 

the positive effects of renewable energy on economic growth, with a 1% increase in REN 

consumption is associated with an increase in GDP by 0.02% and 0.09% in the short and long-

run, respectively. For the renewable production, only the long-run effects are significant, with 

an elasticity of 0.05%. Similarly, for non-renewable energy, the result confirmed a robust 

positive effect, with a 1% increase in NREN consumption is associated with an increase in 

GDP by 0.08% and 0.15% in the in the short- and long-run, respectively. The results of the 

ARDL model, in the long-run, were confirmed by the FMOLS and DOLS estimations. 

To check the robustness and explain the interpretation of the aggregated REN and 

NREN sources, the study adopted the Dynamic Common Correlated Effects method, 

considering the impacts of cross-sectional dependence. The results confirm the outcomes from 

the ARDL and FMOL estimators. A 1% increase in REN consumption enhances economic 

growth by 0.01% and 0.05% in the short and long-run, respectively. In addition, a 1% 

augmentation in NREN consumption is associated with an increase in GDP by 0.07% in the 

short-run and 0.12% in the long-run. The coefficient of renewable energy production is not 
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significant, but in the long-run it is, at 0.04%. This finding confirmed the positive and 

significant association between REN and NREN with economic growth, specifically in the 

long-run.  

6.1.2 The effect of disaggregated REN on GDP 

For disaggregated renewable energy sources, the results show that the consumption and 

production of each type of renewable energy source have a positive association with economic 

growth in the long-run. A 1% increase in hydropower production is associated with an increase 

in economic growth by more than 0.08%, while a 1% rise in biomass energy consumption and 

production is associated with an increase in economic growth by nearly 0.06% and 0.05%, 

respectively. A 1% increase in geothermal, solar photovoltaic, solar thermal, and wind power 

energy production is associated with an incrase in economic growth by 0.02%, 0.01%, 0.03%, 

and 0.01%, respectively. Thus, hydropower and biomass energy have the most positive 

association with economic growth in the long-run, while the long-run association of the other 

sources is in the range 0.01% -0.03%.  

6.1.3 The causal relationship between REN, NREN, and GDP 

In the short-run, there is unidirectional causality from GDP to the aggregated consumption and 

production of renewable energy. Similarly, the same unidirectional causality exists between 

GDP and solar thermal, wind, and hydropower production, and bidirectional causality pertains 

to non-renewable energy consumption and economic growth, and solar PV production and 

economic growth. These findings validate the conservation and feedback hypotheses 

respectively in the short-run. 

In the long run, the causal relationship between the variables is unidirectional between 

hydropower, wind, solar photovoltaic, solar thermal, and geothermal production to economic 

growth, while it is bidirectional between economic growth and aggregate REN consumption 

and production. These results validate the feedback hypothesis for renewable energy and 

biomass consumption, and the growth hypothesis for non-renewable consumption and solar 

thermal, hydropower, and biomass energy production. The validation of the hypotheses for 

both aggregated and disaggregated REN sources confirms the secondary hypothesis of the 

research and demonstrates the importance of renewable energy sources to economic 

development in the long-run. 
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6.2 Comparison of the results with the existing literature and implications 

of the results  

The results of the study indicate that the production and consumption of renewable energy play 

a role in economic development in the long-run. In comparison, fossil fuel consumption has a 

significant association with economic growth in both the short- and long-run.    

6.2.1 Effect of aggregated and disaggregated REN and NREN on GDP   

The positive effect of non-renewable energy consumption contradicts the findings of Ucan et 

al. (2014), which postulated the adverse effects of NREN consumption on economic growth in 

the long-run. On the other hand, the positive effects of non-renewable consumption have been 

confirmed by, inter alia, Afonso et al., (2017), Apergis & Payne (2012), and Bhattacharya et 

al. (2016). The positive effects of REN consumption or production on economic growth, both 

in the long- and short-run, were demonstrated by Apergis & Payne (2012), Bhattacharya et al. 

(2016), and Chang et al. (2015).  Yet, this study confirms that renewable energy production 

drives economic growth in the long-run, although it is not statistically significant in the short-

run. 

For disaggregated renewable energy sources, the results confirmed the positive 

influence of renewable energy on GDP. This study confirmed the significant and positive 

effects of biomass energy consumption and production on economic growth which 

corroborates a similar finding by Bildirici and Ersin (2015).  Bildirici and Özaksoy (2018) 

arrived at the same conclusion in their study on selected European countries, including Albania, 

Romania, and Bulgaria; they proved the positive impacts of biomass energy consumption on 

GDP in the long-run. Similarly, the positive influence of hydropower energy production on 

economic growth is consistent with the results obtained by Apergis et al. (2016) and Bildirici 

and Ersin (2015), which confirmed the long-run positive effects of the consumption and 

production of this energy source on the GDP within OECD member states. 

For solar energy, the estimated coefficient of solar PV, in the long-run, exceeds that of 

Grijó & Soares (2016) for the solar PV production capacity, which corresponds to 0.006. The 

results contrast with those obtained in the study by Jaraite et al. (2015), which investigated the 

adverse effects of solar PV capacity on economic growth in the long-run. The assessment in 

this study confirm the positive effects of solar thermal energy on economic growth in the long-

run and demonstrates an opposite trend from the results obtained by Jaraite et al. (2015) and 

Pacesila, Burcea, and Colesca (2016). 
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The results for wind energy production confirmed a positive long-run effect on 

economic growth. However, this outcome contradicts the results obtained by Jaraite et al. 

(2015), which reported that wind power capacity has an insignificant impact on economic 

growth in 15 European Union countries. 

According to the results, renewable energy production and consumption, both 

aggregated and disaggregated, promote and stimulate economic growth in the long-run, which 

supports the primary hypothesis of the research. This is confirmed by the dynamic ARDL 

method and reveals the importance of renewables for the economic growth of EU countries in 

the long run despite the insignificant or adverse effects in the short-run. However, in contrast 

the relationship between aggregate NREN consumption and GDP is significant and positive in 

both the short and long run. The negative or non-existent short-run impacts of renewable energy 

on economic growth may be due to the unpredictable and intermittent nature of this type of 

energy source. Unpredictability increases production costs for the national energy sector in the 

short-run because it necessitates a larger and more mostly investment to create the 

infrastructure increasing the development of renewable resources.  The significant and bi-

directional causal relationship in the long run, in particular for hydropower and biomass implies 

that policy-makers should expect to see a positive long-term impact of fulfilling EU energy 

and climate policies, albeit the larger impact of fossil fuels on GDP is worrying with respect to 

the possible economic implications of a rapid transition to renewable energy.  

The difference between the coefficient of the aggregate renewable energy consumption 

and production and the coefficient of renewable energy consumption indicates that importing 

renewable energy affects positively GDP. If some European countries are unable to produce 

energy from some renewable sources, they could consider importing renewable energy sources 

from other countries to meet their gross inland consumption target from renewable energy. This 

approach could result in economic development in the long-run. 

6.2.2 Causal relationship between aggregated and disaggregated REN and 

NREN with the economic growth  

The VECM Granger causality analysis examines the short- and long-run causality based on the 

Wald chi-square test and error correction term (ECT) test respectively between renewable 

energy production and gross inland consumption and economic growth. Similarly, to the 

conclusions in the reviewed literature set out in Section two, the current study confirms various 

hypotheses and the causality relationship between variables for each energy source. The short- 
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and long-run causality reveals that there is at least a unidirectional causal relationship between 

the variables.  Therefore, this study negates the neutrality hypothesis suggested in the study 

conducted by Menegaki (2011).  

The results of short-run bidirectional causality between non-renewable energy 

consumption and economic growth is consistent with Papiez et al. (2017) and implies that 

higher consumption of non-renewable energy increases economic growth, and vice versa. A 

similar bidirectional causality, which confirms the feedback hypotheses, is confirmed for 

renewable energy production and consumption in the long-run. This is along the lines of the 

studies conducted by Apergis & Payne (2011) and Chang et al. (2015). This result points to the 

possibility of substituting renewable energy sources with fossil fuels in the long-run. 

Furthermore, the outcomes validate the bidirectional causality and feedback hypotheses 

between biomass energy consumption and GDP in the long-run. The bidirectional causality 

confirms the mutual relationship between these energy sources and economic growth. The 

bidirectional relationship between biomass energy consumption and economic growth in the 

long-run was confirmed by Bildirici & Ersin (2015) and Bildirici & Özaksoy (2018).  

The feedback hypothesis for the long-run effects of biomass consumption confirmed 

the bidirectional relationship between biomass and economic growth. This indicates the 

importance of biomass for European countries, mainly because it is the principal renewable 

energy source for the transport sector (IEA Bioenergy, 2018). In this context, the results of this 

study indicate that biomass has an efficient and positive impact on economic growth. Thus, a 

higher share of biofuels in the renewable sector could help meet the target for renewable energy 

in the transport sector and have a positive impact on economic growth in European countries. 

The current study showed that solar photovoltaic is the only renewable energy source 

for which production has a bidirectional causality relationship with economic growth in the 

short-run. Two factors could have caused the validation of the feedback hypothesis in the short 

run for solar photovoltaic energy. First, European countries invested heavily in solar power to 

the tune of $15.8 and $10.2 billion in 2015 and 2016 respectively (Louw et al., 2017); second, 

the levelized cost of electricity from solar photovoltaic panels reduced from $300 per MWh to 

$100 per MWh between 2009 and 2017 (Louw et al., 2018). Therefore, it might be postulated 

that investment in solar photovoltaic energy should be encouraged more in European countries. 

As a result of the unidirectional causality running from GDP to energy consumption or 

production in the short-run by type, the conservation hypothesis was confirmed for some 
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renewable energy sources including aggregate renewable production and consumption. 

Consequently, this shows that an energy-saving policy does not negatively impact economic 

growth in the short-run. Additionally, the current research confirms that an increase in GDP 

leads to higher consumption of renewable energy sources.  As a result, countries with higher 

GDP consume renewable energy to a greater degree. Thus, increased economic activity creates 

opportunities to enhance renewable energy production. The opposite also holds; lower 

economic growth reduces investment in, and production of, renewable energy in the short-run. 

The conservation hypothesis for renewable energy sources in the short-run is consistent with 

the conclusion of Omri et al. (2015).  which found the same outcome for aggregate renewable 

energy consumption. Therefore, increased investment in the production and consumption of 

renewable energy could be a response to GDP growth. Conversely, the potential for economic 

development in EU countries opens the possibility for the reinforcement of the renewable 

energy sector.  

The Granger causality test confirms the growth hypothesis for the production of most 

renewable energy sources and reveals that there is at least unidirectional causality between 

renewable energy and economic growth in the long run. The result of the VECM Granger 

causality test thus confirmed the second hypothesis of the study, which postulated a 

bidirectional causality for the aggregate renewable energy production, and growth hypothesis 

for the disaggregated renewable energy sources.  

The validity of the feedback and growth hypotheses in the long-run, and conservation 

and absence of the causality in the short run, might be attributed to the higher investment cost 

of introducing and sustaining REN in the energy system, or to the higher price of REN. In the 

long run, prices decrease and make it more feasible to factor renewables into the national 

energy mix.  

6.3 Policy Implications of the Study 

The empirical results of the current study suggest essential directions for policymakers in the 

energy sector and provide perspectives concerning the relationship between renewable energy 

production and consumption with economic growth. The outcomes could help policymakers in 

European countries to assess their investment plans in the renewable energy sector. 

For policymakers, the results of the study advocate that an increase in investment in 

hydropower and biomass energy in European countries will have a strong positive effect on 

GDP in the long-run. Concurrently, investments in other renewable energy sources depend on 
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geographical factors, but they too could enhance economic expansion in the long-run. The 

validity of the bidirectional causation for solar power production, which enjoys higher 

investment in comparison with other renewable energy sources, indicates that increased 

investment and support for the renewable energy sector could result in economic development, 

even in the short-run.  

The outcome of this study illustrates the importance of renewable energy in sustainable 

economic development, especially in the long-run. The confirmed, i) feedback hypothesis for 

the aggregate renewable energy consumption and production, and biomass consumption and 

ii) growth hypotheses for disaggregated renewable energy production, in the long run, confirms 

the positive impact of renewable energy sources on economic growth. The increasing share of 

renewable energy in final energy consumption, according to the roadmap to 2030, therefore 

would not only benefit the economy but also help meet the GHG emissions reduction target set 

for EU countries. However, according to the results, the consumption of non-renewable energy 

is more effective than consumption of renewable energy sources in driving economic growth, 

and thus are more competitive than renewables. As one of the reasons for non-renewables 

having a larger impact are the negative externalities associated with the use of non-renewable 

energy resources, implying that a larger carbon price is needed.  In addition to this high cost of 

renewable energy production and energy infrastructure depends on the geographical location 

of the countries, which increases the expense and makes renewable energy less efficient in 

economic growth in comparison with fossil fuels. For instance, EU countries with low GDP, 

like Romania and Bulgaria, must devise a long-term plan to shift their energy mix towards 

renewable energy. Thus, there is a need to increase the resources of the investment and support 

scheme and improve energy infrastructure in order to enable the renewable energy sector to 

compete vigorously with fossil fuels. 

Recent developments in renewable energy technology have already resulted in a 

decrease in the cost-to-price ratio for the production of renewable energy, especially in solar 

and wind power, and created new jobs in that sector (Louw et al., 2017). It is essential that 

governments support the development of renewable energy, individually at the domestic level 

and collectively at the Union level. An integrated strategy and policy for renewable energy that 

accounts for the different characteristics of the various EU countries and their consequent 

interdependency could facilitate the advancement of renewable energy. This, in turn, would 

lead to economic benefits in the short and long run, besides reducing GHG emissions. 

https://www.powerthesaurus.org/in_addition_to_this/synonyms
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6.3.1 The renewable energy supportive policy    

The supportive programs for renewable energy development in the EU include Feed-in-

premium (FIP), Feed-in Tariff (FIT), Green certificates (GC), and Investment grants. 

According to the Council of European Energy Regulators (2017), there is a lack of uniformity 

in the support for renewables across EU countries. For instance, Germany produced the highest 

electricity (134,895 Mwh) in 2014 through financial support schemes, while Malta produced 

the lowest (57,596 Mwh).  

The result of this study, which indicated the insignificant or negative impacts of 

renewable energy production or consumption on economic growth in the short-run, call for an 

increase in support schemes for renewable energy in European countries. That is essential to 

increase the competitiveness of renewable energy versus fossil fuels. On the other hand, the 

positive impacts of renewable energy sources on economic growth, in the long-run, confirms 

the benefit of financial support schemes for renewable energy.  

According to the energy transition plan (Alves Dias et al., 2018), 160,000 coal-related 

jobs will be lost by 2030. More specifically, countries such as Romania, Poland, and 

Bulgaria—which rely heavily on coal—will stand to lose more jobs. Thus, it is crucial for these 

countries, which also have relatively low GDPs, to have more support schemes for renewable 

energy. Such support schemes should cover the transition cost from fossil to renewable fuels, 

which would encourage these countries to increase investments in renewable energy to meet 

their European targets for such generation. In turn, the new job opportunities in the wind, solar, 

and other types of renewable energy sources could enable those countries to compensate for 

the job losses in the coal-dependent sector (Alves Dias et al., 2018). 

Investment in research and development (R&D) plays an essential role in promoting 

renewable energy in EU countries. The R&D funds help reduce the production cost of 

renewable energy and increase their role in economic development. Similar to the Horizon 

2020 program, which enables the EU to invest $0.49 billion annually on R&D in renewable 

energy, the 2030 Energy Strategy advocates an increase in the R&D fund for renewable energy 

(International Energy Agency, 2018).The positive effect of disaggregated renewable energy 

sources on economic growth indicates that supportive policies should be introduced for 

research and development, with additional funding to promote the use of renewable energy, 

increasing their competitiveness.  Then the positive economic and environmental impact of 
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renewable energy sources could further encourage a move away from traditional fossil fuel 

sources.  

6.4 Limitations of the Study and Future Research  

This study was based on the Eurostat database for gross inland consumption and primary 

production of renewable energy. Thus, this study did not disaggregate between different value 

generating sectors within the economy such as the manufacturing or transportation sectors, 

which could provide more detailed information on the growth impact. For a more holistic 

assessment of the impact of renewable energy on different sectors in the economy, it is essential 

to use databases that have access to such disaggregation. In this context, the IEA energy 

database could be a good option. The analysis could also be expanded by including data for 

developing and developed countries; such a study would be beneficial for evaluating the 

impacts of renewable energy on economic growth over a broader spatial and developmental 

scale. From an econometric point of view, this research was based on econometric analysis of 

panel data. However, this method suffers from certain limitations; it considered the cross-

sectional dependence for the long-run estimation and bootstrap Granger causality, the statistic 

code of which is not available in STATA software. Moreover, the application of the non-linear 

panel ARDL method could improve the efficiency of the results. 

The subject of the current study and its results open new possibilities for future research. 

As stated above, the model could be used for comparative analysis by including more countries 

from around the world and comparing the results for EU countries with those for other 

countries. That could help to interpret the influence of renewable energy on economic growth 

according to geographical locations and state of development. 

In future assessments it could be interesting to replace GDP with another metric that is 

better suited to assess economic wellbeing such as the Genuine Progress Indicator (GPI), where 

the analysis would assess the empirical relationship between GPI and energy.  
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7 Conclusion 

This research aimed to expand prior research on the relationship between REN and GDP at 

both aggregate and disaggregated levels. For this purpose, a panel of 29 European countries for 

the period 1995-2016 was employed and the economic assessment implemented by the ARDL 

method to estimate short- and long-run relationships between the variables. 

The results of the analysis showed the positive effects of renewable energy 

consumption and production on GDP in the case of both aggregate and disaggregated 

renewable energy sources. The results also confirmed the effects of non-renewable energy 

consumption on economic growth in both the short- and long-run, which was 0.07% and 

0.12%. The long-run elasticity of renewable energy sources was consistent with different 

estimations and indicated that a 1% increase in renewable energy consumption and production 

is associated with an increase in economic growth by 0.09 and 0.05%, respectively. The long-

run estimation coefficient revealed that hydropower production and biomass consumption have 

a more efficient effect on economic growth in comparison to other renewable energy sources. 

The Granger causality analysis confirmed the growth hypothesis, which indicated that 

investment in renewable energy sources lead to an increase in GDP in the long-run. The 

conservation hypothesis, i.e., the unidirectional causality from GDP to energy consumption or 

production, was confirmed in the short-run. The feedback hypothesis, which represents the 

mutual relationship between the variables, was confirmed for solar PV and non-renewable 

energy consumption in the short-run and aggregate renewable energy production and 

consumption in the long-run. 

According to the ARDL estimation result and Granger causality analysis, the 

conclusion of the research is that an increase in development and thus investment in renewable 

energy sources is likely to contribute positively to economic growth, yet the results differ 

between energy sources.  The results indicate that biomass and hydropower have the highest 

influence on economic growth and energy policymakers should invest more in these renewable 

energy sources in order to augment their share in the current renewable energy mix. 

Additionally, investment in other renewable energy sources could drive economic growth in 

the long-run.  
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