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Abstract
The development of renewable energy is receiving more attention as a result of environmental degradation and energy 
instability. Despite a large literature on the nexus between energy security, economic complexity, and energy consumption, 
there are few attempts to analyze the impact of energy security and economic complexity on renewable energy. This paper 
examines the heterogeneous impacts of energy security and economic complexity on renewable energy in G7 countries 
from 1980 to 2017. The estimated results obtained from quantile regression show that energy insecurity is a driving force 
of renewable sources although its impact is heterogeneous across the distribution of renewables. In contrast, economic 
complexity hampers the development of renewable energy with the size of impact decreasing as the renewable energy sec-
tor progresses. In addition, we find that income positively affects renewable energy while the role of trade openness varies 
across the distribution of renewable energy variable. These findings lead to valuable policy implications for G7 countries 
to develop renewable energy.
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Introduction

Since the first oil crisis in 1973 and subsequent energy crises, 
questions regarding the reliance and accessibility on fossil fuels 
have been the core elements of energy policies of many coun-
tries (Hache 2018). Moreover, the ways that humans use energy 
for socio-economic activities have mistreated the environment 
that sustains them. The list of environmental problems sur-
rounding the environment has increased significantly, including 
but not limited to climate change, pollution, over-exploitation, 
and so on (Shahzad et al. 2021; Wang et al. 2021). As a result, 
the recent commitments of achieving net-zero carbon emissions 
by 2050 and phasing out coal power generation by 2040 in COP 
26 constitute an irreversible energy transformation towards 
renewable energy. Compared to fossil fuel-fired sources, renew-
able energy is clean and inexhaustible (Bourcet 2020; Wang 
and Zhang 2021). Specifically, renewables have substantially 

fewer emissions while generating more energy in their con-
sumption over their lifetime (Njoh 2021). Furthermore, while 
solar and wind cannot generate energy 24 h a day, the energy 
they produce can be well-managed by advanced utilities and 
grid operators through operational practices, responsive loads, 
and modern energy infrastructures. Such transformation and 
advancement in renewable energy not only guarantee energy 
security and protect the environment but also shield the energy 
market from the negative impact of geopolitical tensions and 
brings about less, if any, political turmoil linked to the exploi-
tation of traditional energy sources (Bamati and Raoofi 2020; 
Balsalobre-Lorente et al. 2018; Dogan et al. 2021). According 
to Cherp and Jewell (2011) and Valdés Lucas et al. (2016), 
renewable energy can contribute to energy security from three 
distinct perspectives, namely, sovereignty, robustness, and 
resilience. Regarding sovereignty, renewable energy is less 
susceptible to the use of energy as political weapons or physi-
cal attacks. Renewable energy can also mitigate the robustness 
threats because it needs some backup capacity with a lower risk 
of technical failure due to its fluctuating nature and decentral-
ized model. Concerning the resilience perspective, renewable 
energy can resist unpredictable adjustments such as technologi-
cal innovations, climate change, and energy market volatility.
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In 2020, renewable energy represents roughly 12.54% of 
global energy consumption (BP 2022). The recent discovery 
and large-scale commercial production of renewable energy 
are predicted to help humans achieve three inter-related targets: 
fighting against climate change and protecting the environment, 
meeting the energy demand for advanced socio-economic trans-
formation, and reaching energy independence by increasing 
the proportion of renewables in the energy mix (Hache 2018). 
Although the proportion of renewable energy consumption in 
2020 has doubled from a minor proportion of 5.65% in 1973, 
the year of the first oil crisis, this figure still symbolizes a small 
share of renewables to the global energy mix. This less than 
expected development of renewables is accredited to many 
causes, mainly the substantial reserve and low producing costs 
of fossil fuels, the high investments and uncertain outcomes 
of renewable energy projects, the siting and transmission dif-
ficulties due to the decentralization model of renewable energy, 
the difficult market entry, and the unequal playing field in the 
energy industry (Ibrahiem and Hanafy 2021).

Given the growing importance of renewable energy, many 
studies have been conducted to investigate its determinants. 
The driving forces can be categorized into several classifica-
tions, e.g., political, institutional, regulatory, technological, 
economic, social, environmental, and energy factors, to name 
a few (Bourcet 2020). In addition, the existing literature exam-
ining the determinants of renewable energy varies in various 
aspects, including but not limited to renewable energy indica-
tors, determinants, countries and regions, time coverage, econo-
metric models, and estimation methods. This study intends to 
explore the roles of two potential determinants of renewables, 
which have not been researched thoroughly the existing litera-
ture, namely, energy security and economic complexity.

According to Gan et al. (2007) and Valdés Lucas et al. 
(2016), renewable energy is a strategic response to energy 
security threats. When facing higher risk in terms of energy 
security, a country inclines to develop and deploy renew-
able energy. There are several reasons explaining the pos-
sible impact of energy security risks on renewables. The first 
motivation comes from the unavailability of fossil energy 
reserves because they are scared and limited (e.g., produc-
tion will decline in the future), and they are susceptible to 
geopolitical risks (e.g., wars or economic sanctions). When 
facing the risk of energy inaccessibility, a country should 
find alternative resources that are more sustainable and less 
vulnerable to supply disruption (Tongsopit et al. 2016). 
Renewable energy can act as an alternative energy resource 
because it can be produced within a country’s boundary 
(self-sufficiency), which compensates for the energy short-
age in both short and long run. The environmental concern 
is another aspect that relates energy security to renewable 
energy. Given the harmful impacts of non-renewable energy 
sources on environmental health, such as coal-fired power 
plants and fossil fuel vehicles, the energy production process 

should depend more on cleaner energy sources. In fact, 
energy security and energy sustainability should be closely 
coupled by basing on the renewable energy development, 
which has much lower life cycle emissions of air pollut-
ants (Bigerna et al. 2021; Narula and Reddy 2015). Last, 
having energy resources that meet the demand of economic 
agents at reasonable and stable prices contributes greatly to 
the socio-economic development of a society. The volatil-
ity implied in the price of fossil fuels and their high prices 
caused by many types of shocks improve the relative cost 
competitiveness of renewable energy. Furthermore, the 
renewable power plants that adopt capital-intensive tech-
nologies (with variable costs accounting for a less proportion 
of cost structure) do not tend to pass variable cost fluctuation 
to the consumer by rising electricity prices (Tietjen et al. 
2016). Thus, when facing the volatile price energy market, 
a country tends to transform its energy structure towards 
renewables.

The impact of economic complexity on renewables is far more 
complicated. Economic complexity represents a country’s ability 
to produce sophisticated, or high value-added products, through 
its accumulated knowledge (Lall et al. 2006). This concept is built 
on the notion that diverse and exclusive capabilities are required 
to produce complex goods that cannot be replicated by other 
countries. Economic complexity can influence renewable energy 
through two main channels, e.g., the technology and scale effects. 
On the one hand, higher complexity may facilitate the develop-
ment and deployment of renewable energy through the produc-
tion input mix and technology improvement channel. It is the 
case that sophisticated knowledge is directed towards the research 
and development process for exploring and deploying renewable 
energy sources. On the other hand, it may dampen renewables 
through higher energy demand and energy-intensive economic 
structure (Chu 2021; Stern 2004). The scale effect plays its role 
when the production of sophisticated goods is energy-consuming, 
forcing the energy market to depend more on fossil fuels that can 
be exploited quickly at a low production cost. To a larger extent, 
an economy that develops complex but energy-intensive indus-
tries tends to subsidize the fossil fuel sector to meet the energy 
demand for economic growth (Fouquet 2016).

To achieve this objective, an advanced panel data analysis is 
implemented for the Group of Seven (hereafter G7) countries 
to measure the long-run impact of these factors on renewable 
energy production as well as the causal relationships among 
them. The selection of G7 countries is based on several rea-
sons. First, G7 countries are considered major economic pow-
ers with a huge influence on the global environmental welfare. 
According to the World Development Indicators database, in 
2020, G7 countries produce 45.8% of global gross domestic 
products, nearly twice the contribution of BRICS (Brazil, 
Russia, India, China, and South Africa) countries (24.4%). To 
support socio-economic development, G7 has been ranked as 
top global energy users and carbon emitters. The data from 
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BP Statistical Review of World Energy (BP 2022) show that 
although its primary energy consumption has decreased from 
172.8 exajoules in 2000 to 167.8 exajoules in 2010 and 152.0 
exajoules in 2020, G7 still accounts for 27.3% of global pri-
mary energy consumption. In a similar vein, G7 is responsible 
for 23.1% of the 2020 global carbon emissions, a significant 
reduction from 40.9% in the year 2000. While the BRICS 
countries overtook G7 as the world’s biggest energy consump-
tion and carbon emissions in 2010 and 2006, respectively, the 
changes in position mainly come from the difference in energy 
efficiency as G7 has an energy efficiency level well above 
BRICS (Camioto et al. 2016).

In terms of renewable energy consumption, G7 consumes 
39.7% of global renewable energy in 2020, compared to 35.9% 
and 39.2% in the cases of BRICS and E7 countries, respectively 
(BP 2022). In terms of electricity generated from renewable 
energy, four out of seven G7 countries (Canada, Germany, 
Italy, and the United Kingdom) have a proportion of renew-
able energy production higher than the world average. Given 
the long history of renewable development in the G7 coun-
tries, research on renewable energy contributing factors in the 
context of the G7 has useful implications for other countries. 
Additionally, there are huge differences in renewable energy 
development in G7 countries. Figure 1 reveals that renewable 
energy production (per capita) in G7 countries has increased 
significantly since the 2000s but stood at different levels in 
2017. Specifically, Germany had the highest level of renewable 
energy production per capita (0.0214 tera joule) whereas the 
second and third place countries, the United Kingdom and the 
USA, were significantly lower (0.0127 and 0.0116 tera joule). 

The per capita renewable energy production of France was the 
lowest (0.0059 tera joule). However, these rankings changed 
considerably compared to that in 2000, where Canada and the 
USA had the highest levels of renewable energy production 
(0.0030 and 0.00258 tera joule), followed by Japan (0.0013 
tera joule). The motivations behind these three trends, energy 
consumption, carbon emissions, and renewable energy produc-
tion, are potential for conducting empirical research.

Second, while G7 economies depend largely on energy to 
grow, most of them, except for Canada, are energy import coun-
tries. The World Bank’s World Development Indicators data-
base reports that each year, Japan, Italy, and Germany import 
around 90%, 80%, and 60%, respectively, of their energy use 
(World Bank 2022). France and the United Kingdom rely less 
on energy import but the fraction of import in total energy use 
is approximately from 40 to 45%. Such reliance on energy 
imports and high dependence on fossil fuels, especially oil and 
gas, makes their socio-economic activities highly vulnerable to 
the energy price fluctuation and geopolitical tensions related to 
energy. The left-hand side of Fig. 2 indicates that the energy 
insecurity (measured by the energy security risk index) of G7 
countries has increased considerably since the twenty-first cen-
tury, which is corresponding to the significant development of 
renewable energy. The recent Russia-Ukraine conflict, which 
results in an unprecedented global energy crisis, has been push-
ing the ongoing transition to renewable energy technologies in 
developed countries like G7 and many European countries (Sat-
tich et al. 2022). For example, a combination of government-led 
auctions and distributed solar photovoltaic incentives acceler-
ate solar projects in France and Germany, while the favorable 

Fig. 1   Renewable energy 
production. Note: Authors’ own 
calculation based on BP Statisti-
cal Review’s data. Renewable 
energy production per capita 
(tera joule)
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long-term tax incentive extensions have been discussed by the 
House of Representatives and Senate in the USA.

Third, it is evident that transforming the energy mix 
towards renewable sources requires advanced technologies 
to be developed and commercialized on a large scale. G7 
countries are embodied as highly productive economies in 
terms of sophisticated knowledge. In the 2019 economic 
complexity ranking in the Atlas of Economic Complexity, 
Japan, Germany, and the USA ranked in the top 10, while 
the United Kingdom, France, and Italy stood in the top 
20, while Canada stood in the top 30. In contrast, other 
emerging countries such as BRICS countries were at lower 
positions, e.g., China 28th, India 41st, Russia 44th, Bra-
zil 47th, and South Africa 52nd. The big difference in 
the economic complexity index reflects the gap between 
developed and emerging economies in respect of economic 
sophistication level. Although G7 countries are placed at 
the top in terms of economic complexity, their indices 
decreased sustainably from 2000 to 2015 before recover-
ing in recent years (the right-hand side of Fig. 2). Overall, 

the movements of energy insecurity and economic com-
plexity as well their potential effects on renewable energy 
are the main motivations for this study.

The current study differs from previous research in two key 
ways. It starts by taking into account how economic complex-
ity and energy security affect the growth of renewable energy 
sources. Because energy security is a multi-dimensional concept 
with a variety of definitions, measuring it is not an easy task, 
which may lead to insignificant results in the existing studies 
(Valdés Lucas et al. 2016). One of the main reasons for such 
an insignificant relationship is the use of inappropriate proxy, 
e.g., the import dependence ratio which ignores other aspects 
of energy security such as energy expenditure or environmental 
welfare. In this study, we utilize the energy security risk index, 
which is created by the Global Energy Institute. Compared 
to other methods that quantify energy security, the method of 
Global Energy Institute takes the initiative in its breadth, depth, 
geographic coverage, and completeness. By using this index, we 
do not have to rely on single-dimension indicators, like energy 
import as a share of total energy, which does not fully capture the 

Fig. 2   Energy security risk index and economic complexity index. Note: Authors’ own calculation based on the data from the Global Energy 
Institute and the Atlas of Economic Complexity
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risk of energy security (Ibrahiem and Hanafy 2021) or a broad 
range of indicators (Le and Nguyen 2019; Valdés Lucas et al. 
2016; Tongsopit et al. 2016), which may cause multi-collinearity 
in the econometric model. In terms of policy perspective, the 
use of the energy security risk index avoids the suggestion of 
strategies that reduce energy import dependence by supporting 
domestic coal-fired power plants while endorsing incentives for 
renewable electricity and environmental protection.

Similarly, the economic complexity index approach 
derives information about a nation’s innovative competen-
cies and industrial structure by making relative comparisons 
across country export baskets. This index is associated with 
the structural economic revolution, reflecting an economy’s 
achievements in skills, knowledge, and technological capa-
bilities in the production process. Compared to other prox-
ies for productive capabilities such as human development, 
research and development expenditure, industry, and services 
value-added, the economic complexity index is considered 
a more comprehensive indicator, which has been proved 
to have significant links with energy and environment sec-
tors (Chu 2021; Li et al. 2021; Rafique et al. 2021; Zheng 
et al. 2021). However, there is no agreement in the litera-
ture on whether economic complexity is a driver (Rafique 
et al. 2021) or a barrier (Alvarado et al. 2021). Therefore, 
this study introduces both the energy security risk index and 
economic sophistication index in the model of renewable 
energy determinants in G7 countries to extend the research 
agenda on renewable deployment. Given the fact that many 
developed countries are building a knowledge economy and 
reinforcing economic resilience, considering the importance 
and benefits of sophisticated knowledge to both energy trans-
formation and sustainability of the environment is necessary 
for policy formulation.

Although there are several papers exploring the deter-
minants of renewables in G7 countries, e.g., policy uncer-
tainty (Borozan 2022; Khan and Su 2022), fiscal and mon-
etary policy fluctuation (Sun et al. 2022), carbon emissions 
and oil prices (Sadorsky 2009a), and economic complexity 
(Rafique et al. 2021), there has been no study examining the 
impact of both economic complexity and energy insecurity 
on renewables in G7 countries. In addition, the ongoing con-
flict in Ukraine has threatened the global supply of energy 
and led to the considerable rise in energy prices across the 
world. The economic growth and wellbeing in G7 countries 
have suffered severely from energy market turmoil, especially 
those depending on energy import from Russia. This energy 
crisis has delivered a shock of unprecedented breadth and 
complexity for both energy producers and consumers, making 
the energy market become extremely vulnerable. Overall, such 
growing shortage and high prices underscore the continuing 
importance of energy security alongside the environmental 
targets when addressing the energy trilemma (Thaler and Hof-
mann 2022). Understanding how economic complexity and 

energy insecurity affect the generation of renewable energy is 
particularly interesting given the significant role that the G7 
plays in the global economy and energy market. The findings 
are, therefore, beneficial for suggesting appropriate strategies 
associated with renewable energy, energy security, and eco-
nomic complexity in G7 countries.

Powell’s (2022) advanced quantile regression method 
is used in this study to assess how energy security and eco-
nomic complexity affect the development of renewable energy. 
While conditional mean methods deliver estimated outcomes 
based on the mean value, panel quantile regression provides 
a comprehensive and insightful picture of the impact of driv-
ing factors across the dependent variable’s distribution. Given 
the diverse levels of renewables in the G7, this statistical 
preeminence allows us to find out whether energy security, 
economic complexity, and other determinants have different 
effects between nations with the low, middle, and high renew-
able levels. In addition, the panel quantile regression also deals 
effectively with the statistical problems caused by the presence 
of outliers and non-normality distribution of residuals in our 
panel dataset.

The rest of the study consists of four additional sections. The 
“Literature review” section reviews the literature on the deter-
minants of renewable energy. The “Model specification, data, 
and econometric techniques” section describes the model, data, 
and methodological strategy. The “Empirical results and discus-
sion” section reports the results and discusses the findings. The 
“Conclusion and policy implications” section concludes and 
advises policy implications.

Literature review

The determinants of renewable energy have been studied 
for various countries, country groups, and regions by apply-
ing different econometric methods to diverse variables and 
periods. The existing literature often emphasizes the role of 
macro-economic, environmental, and political such as real 
income, economic growth, trade openness, oil price, institu-
tional quality, government policies, and carbon emissions in 
determining renewable energy development and deployment. 
However, such connected papers do not reach any agreement 
on the direction and the size of the relationship.

Most studies utilize panel datasets to examine the impact 
of macro-economic and environmental variables on renewable 
energy. In one of the earliest studies, Sadorsky (2009b) exam-
ines the influence of income per capita, carbon emissions, oil 
price, and population on renewable energy consumption in G7 
countries. The outcomes obtained from a panel dataset from 
1980 to 2005 indicate that increases in real GDP and carbon 
emissions per capita are important drivers behind the change 
in renewable energy. Omri and Nguyen (2014) analyze the 
contributing factor of renewable energy for a large panel of 
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64 countries over the period 1990–2011. While environmen-
tal degradation positively relates to renewable energy across 
high-, middle-, and low-income countries, GDP per capita 
only improves renewable energy in high- and middle-income 
countries. Except for high-income countries, international com-
merce benefits renewable energy in all panels. Gozgor et al. 
(2020) discover a positive impact of per capita income, carbon 
emissions, and oil prices on renewables in 30 OECD coun-
tries from 1970 to 2015. In line with previous research, Li et al. 
(2021) investigate the beneficial effect of income per capita 
on the development and deployment of renewable energy in 
OECD countries. They also point out that energy prices and 
human capital play a central role in explaining renewable 
energy consumption. Sadorsky (2009a) focuses on the asso-
ciation between renewable energy and income in 18 emerg-
ing economies. According to the panel estimates, a rise in real 
income positively influences renewable energy consumption. 
A similar conclusion can be drawn for a group of six emerging 
economies: Brazil, China, India, Indonesia, the Philippines, and 
Turkey (Salim and Rafiq 2012).

In contrast, several studies find different impacts of macro-
economic and environmental factors on renewable energy. Ergun 
et al. (2019) report negative relationships between the human 
development index, gross domestic product, and the share of 
renewable energy in Africa. According to Marques and Fuinhas 
(2011), income and prices of fossil fuels are not decisive for the 
development of renewable energy sources in 24 European coun-
tries from 1990 to 2006. In addition, the social awareness about 
climate change is not enough to motivate the transformation from 
traditional to renewable sources. Uzar (2020a), using a panel 
dataset of 43 industrialized and emerging economies, concludes 
that there is no discernible relationship between economic growth 
and global trade and renewable energy usage.

The existing literature on political and institutional fac-
tors can be separated into two major groups: those that 
discover a positive relationship and those that reveal a 
negative or insignificant relationship. The literature varies 
in the countries chosen, the time period covered, and the 
econometric approach used. For the first group, the empiri-
cal outcomes from Uzar (2020b) lead to the inference that 
institutions positively influence renewable energy con-
sumption in 38 economies during the 1990–2015 period. 
Kilinc-Ata (2016) evaluates the efficiency of environmen-
tal policy instruments in encouraging renewable energy 
deployment in 27 EU countries and 50 states of the USA. 
The findings show that feed-in tariffs, quotas, tenders, and 
tax incentives support renewable energy, although their 
efficacy differs depending on the instruments employed. 
Belaid et al. (2021) examine the influence of institutions, 
governance, and political stability on renewable energy in 
nine different MENA nations. The results show that while 
these factors encourage the development of renewable 
energy, their impacts vary between quantiles.

For the second group, Marques and Fuinhas (2012) prove 
that some public policies supporting renewables are not effec-
tive in promoting renewable energy consumption in 23 Euro-
pean countries from 1990 to 2017. Cadoret and Padovano 
(2016) study the political drivers of renewable energy policies 
for six EU countries. While manufacturing industry lobbying 
effectively prevents the use of renewable energy, the effective-
ness is demonstrated by the established measures of governance 
quality. Additionally, the left-wing parties are more likely than 
the right-wing parties to favor renewable energy installations 
are. Environmental policies in OECD nations are divided into 
three categories by Gan and Smith (2011): market deployment, 
market deployment, and market-based energy policy. Whereas 
market deployment has an important impact on the production 
of renewable energy and bioenergy, the other two strategies 
have no discernible effect.

The above-mentioned studies suffer from two main short-
comings. The first is that they only associate renewable 
energy with macro-economic, environmental, political, and 
institutional factors and ignore two important factors, energy 
security and economic complexity. In recent years, several 
academic papers pay attention to the potential roles of these 
two factors in determining the development and deployment 
of renewables (Alvarado et al. 2021; Ibrahiem and Hanafy 
2021; Papież et al. 2018; Rafique et al. 2021; Valdés Lucas 
et al., 2016). It is because renewable energy development 
and environmental quality are highly driven by high inno-
vation and search activities that promote the sustenance of 
eco-friendly technology and products (Agozie et al. 2022; 
Huang et al. 2022). Ibrahim et al. (2022) indicate that the 
renewable energy can mitigate the inducing role of economic 
complexity on carbon emissions in China. Concerning the 
impact of economic complexity on renewables, the conclu-
sions from Alvarado et al. (2021) and Rafique et al. (2021) 
are different. While Alvarado et al. (2021) find that economic 
sophistication reduces renewable energy consumption in 18 
Latin American countries, Rafique et al. (2021) conclude 
a favorable impact of economic complexity on renewable 
energy in G7 and E7 countries.

Concerning the effects of energy security on renewables, 
Narbel (2013) investigate the partial correlation between renew-
able energy electricity and income, climate change mitigation, 
and energy security for 107 high- and middle-income countries. 
The empirical results indicate that rich countries relying on coal 
imports (to generate electricity) are also those with the highest 
share of electric power generated from new renewables. Val-
dés Lucas et al. (2016) show that the energy security strategies, 
represented by a variety of sustainable, competitive, and supply 
security aspects, prove more effective in promoting renewables 
when they are combined with environmental concerns (rather than 
being utilized solely). In contrast, Ibrahiem and Hanafy (2021) 
find that energy security, measured by energy imports (percent-
age of energy use), hampers renewable energy consumption in 
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three North African countries. A study conducted by Marques and 
Fuinhas (2012) for 23 European countries shows that the larger 
reliance on energy imports and traditional sources hampers the 
deployment of renewables. Cergibozan (2022) analyzes the influ-
ence of renewable energy on energy security risk for 23 OECD 
countries and finds that wind, hydroelectric, and total renewable 
energy reduce the risk while biomass and solar sources fail to 
do so. These studies suffer from relying on energy imports as a 
proxy for energy security while energy security is a multi-facet 
concept, which relates to a variety of factors, including economic, 
environmental, technological, and political aspects (Amin et al. 
2022; Kruyt et al. 2009; Lal and Kumar 2022; Mišík, 2022; 
Tongsopit et al. 2016). For example, Proedrou (2022) argue that 
energy transitions evolve at the particular scale, scope, speed, and 
design because they were mainly driven by political-economic-
environmental frames and governmental rationalities. Amin et al. 
(2022) indicate the declining trend of energy security in Bang-
ladesh from 2014 to 2016, requiring the government to develop 
sustainable energy policy. However, despite the strong efforts, the 
acceptability and affordability dimensions show slow improve-
ment. Due to the lack of attention and consensus on the impacts 
of energy security and economic complexity in empirical works, 
this study includes both variables in the regression equation of 
renewable energy.

Another potential improvement of this study over previ-
ous studies related to renewables is the adoption of advanced 
estimation techniques. While almost all papers examine 
panel data to leverage the benefits of time-varying differ-
ences between countries, they often rely on conditional mean 
methods such as Fixed or Random Effects (Aguirre and Ibi-
kunle 2014; Bamati and Raoofi 2020; Gozgor et al. 2020), 
Panel Corrected Standard Errors (Aguirre and Ibikunle 
2014; Gozgor et al. 2020), System-Generalized Method of 
Moments (Marques and Fuinhas 2011; Omri and Nguyen 
2014), and Autoregressive Distributed Lag – Pooled Mean 
Group (Ibrahiem and Hanafy 2021; Li et al., 2020; Uzar 
2020b), to name a few. If the analysts want to allow some 
slope flexibility across the distribution, which captures the 
diverse impacts of the explanatory variables on the out-
come one, the quantile regression is capable to carry out 
(Koenker and Bassett 1978). Furthermore, the conditional 
mean approaches do not produce accurate estimated results 
when the dataset contains outliers and the residuals from 
the regression are not regularly distributed. In these circum-
stances, panel quantile regression techniques are more effi-
cient in presenting a more thorough picture of the various 
effects of explanatory variables across the distribution of 
the dependent variable. To our best knowledge, there are 
only two papers by Alvarado et al. (2021) and Belaid et al. 
(2021) that utilize the panel quantile regression approaches 
to investigate the determinants of renewable energy. While 
the former utilizes the data on Latin American countries, the 
latter focuses on the Middle East and North Africa countries.

To fill these two literature gaps, this study examines the 
roles of energy security and economic complexity in deter-
mining renewable energy in G7 countries. By adopting panel 
quantile regression, we suppose that the empirical outcomes 
will provide more comprehensive policy implications for 
countries with diverse phases of renewable energy develop-
ment and deployment.

Model specification, data, and econometric techniques

Model specification

The current study’s objective is to analyze the drivers of 
renewable energy in G7 countries. To achieve this aim, we 
draw the empirical model from the theoretical framework 
of renewable energy determinants established by Sadorsky 
(2009a), Omri and Nguyen (2014), and Gozgor et al. (2020) 
where renewable energy is strongly determined by macro-
economic, energy, and environmental factors. However, we 
extend the set of variables to include two new variables, 
energy security risk index and economic complexity, which 
are potential candidates for influencing renewable energy. 
The general specification for the model is given as

where REN is the renewable energy production (dependent 
variable), ESR is the energy security risk, ECI is the economic 
complexity, GDP is the gross domestic product, and TRA​ is 
the trade openness. In this model, the energy security risk is a 
multi-facet concept, which covers fossil fuel reserves, import, 
energy expenditure, price and market volatility, energy use 
intensity, electric power sector, transportation sector, and 
environment. Economic complexity reflects the productive 
knowledge of a country, which could be captured through 
the variety of knowledge and the arrangement of such knowl-
edge within a country. Two macro-economic determinants of 
renewable energy that have been heavily used in studies linked 
to energy are GDP per capita and international commerce. 
Table 1 displays each variable’s symbol and measurements. 
Equation (1) has the following regression form:

where �1 and �it are the intercept and error terms. �2,3,4,5 rep-
resents the coefficients revealing the magnitude of determin-
ing factors. Subscript i stands for the cross sections, which 
include Canada, France, Germany, Italy, Japan, the United 
Kingdom, and the USA. Subscript t denotes the time period 
ranging from 1980 to 2017. The variables are transformed 
into the natural logarithm, which facilitates the analysis of 
estimated coefficients as elasticity.

(1)REN = f (ESR,ECI,GDP,TRA)

(2)
RENit = �1 + �2ESRit + �3ECIit + �4GDPit + �5TRAit + �it
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According to Valdés Lucas et al. (2016), renewable energy 
is recognized as a substitute for non-renewable energy and 
acts as a strategic response to any energy security threat. 
Based on this possible role, we expect a positive impact of 
energy security on renewable energy, i.e., �1 > 0. However, 
because of the two different outcomes brought on by four fac-
tors—namely, production scale, industry structure, production 
input mix, and technological advancement—economic com-
plexity plays a far more complex role in society (Chu 2021; 
Rafique et al. 2021; Stern 2004). So, the effects of economic 
complexity on renewable energy sources might either be nega-
tive or positive, i.e., �2 < 0 or �2 > 0. Following the majority 
of previous works, such as Gozgor et al. (2020), Omri and 
Nguyen (2014), and Sadorsky (2009b), we expect the influ-
ence of income on renewables to be positive for G7 countries, 
i.e., �4 > 0. The impact of international commerce on renew-
able energy is predicted to be beneficial (Ibrahiem and Hanafy 
2021; Omri and Nguyen 2014), i.e., �5 > 0.

Data

The list of variables and their descriptions are presented in 
Table 1. The amount of renewable energy produced per per-
son is calculated by dividing the overall amount of renewable 
energy generation (found in the BP Statistical Review) by the 
population (obtained from the World Development Indica-
tors). The World Bank’s World Development Indicators pro-
vide information on GDP and trade openness.

The energy security risk index is taken from the database 
of the Global Energy Institute. It is designed with the aim of 
comparing the energy security risk across countries and over 
time. Due to the data limitations in energy prices and expen-
ditures across countries, particularly in non-OECD countries, 
the index is only calculated for 25 large energy users (devel-
oped and emerging countries) from 1980 to 2018. The index is 
developed from a group of 29 individual metrics covering eight 
broad categories, including global fuels, fuel imports, energy 
expenditures, price and market volatility, energy use intensity, 
electric power sector, transportation sector, and environmen-
tal quality. The metrics of each country are then normalized 
by standardizing their 1980 values in reference to the OECD 
1980 reference point of 1000. To combine these metrics to an 

overall index, an international index weighting is applied for 
eight categories (14%, 17%, 20%, 15%, 14%, 7%, 7%, and 6%, 
respectively). Overall, the index is created to communicate the 
concept of risk: a lower index score specifies a lesser risk to 
energy security while a higher score warns a higher threat. In 
2018, the USA ranks the highest among 25 countries with the 
lowest score of 727, followed by New Zealand (757), Australia 
(805), and Denmark (864). From the bottom, Ukraine has the 
highest risk score of 1453, followed by South Korea (1453), 
Thailand (1396), Japan (1281), and Turkey (1267). In com-
parison to other methods that quantify energy security in four 
areas: availability, applicability, acceptability, and affordability, 
the Global Energy Institute method is unique in its breadth, 
depth, geographic coverage, and completeness. Because this 
index covers a wide range of energy issues, including price, 
intensity, import, and environmental quality, we do not include 
variables that are proxies for such factors (fuel price, energy 
intensity, energy import, carbon emissions, for example) in the 
regression model. By employing this index, we can mitigate 
the problem of omitting relevant problems that might affect 
renewable energy (Chu et al. 2023), including the price market 
volatility (the size of energy expense to the economy and the 
consumer exposure to price shock) and environmental con-
cerns (the human exposure to pollution).

The complexity is described as the number of diverse inputs 
needed for manufacturing a product (Becker and Murphy 1992). 
From a country’s perspective, the complexity level is knowl-
edge diversity that is accumulated and combined with a society. 
Hausmann et al. (2014) call it “economic complexity,” which 
is a reflection of an economy’s productive capabilities. A com-
plex country holds and manages massive amounts of knowl-
edge effectively, across sophisticated linkages of people and 
organizations, to produce a diverse mix of knowledge-intensive 
goods. According to Hausmann et al. (2014), the variety and 
ubiquity of the items produced by a country are a reflection of 
its expertise. The first element measures the competitiveness of 
a nation’s ability to produce certain items whereas the second 
component measures the number of nations that can manufac-
ture a product competitively. Thus, by comparing the basket of 
exported goods between nations, one can create an economic 
complexity index for a country. The Atlas of Economic Com-
plexity is the source for the economic complexity index.

Table 1   Variable description

Variable Symbol Measurement Sources

Renewable energy production REN Tera joule per capita BP Statistical Review of World Energy
Energy security risk index ESR Index Global Energy Institute
Economic complexity index ECI Index The Atlas of Economic Complexity
Gross domestic product GDP Constant 2015 US$ per capita World Development Indicators
Trade openness TRA​ % of GDP World Development Indicators
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Table 2 provides a detailed description of all variables 
with their average, standard deviation, min, and max values. 
The mean of renewable energy production (per capita) for 
the whole period from 1980 to 2017 is 0.003 tera joule with a 
standard deviation of 0.004. Germany is the country that has 
the highest level (on average) of renewable power generation 
(per capita) of 0.005 tera joule, which is five times larger than 
the value of France (which has the lowest level). In fact, the 
renewable energy in Germany has developed at an outstand-
ing rate since the twenty-first century, bypassing the USA and 
Canada. Although the USA led the G7 over the period 1980 
to 1990, there was no significant improvement in renewable 
energy production per capita for the next two decades. The 
strong growth in the USA only occurred in the late 2010s. 
A similar pattern happened in Canada and the United King-
dom over the last 10 years. At the end of the year 2017, Ger-
many ranked 1st (0.0214 tera joules), followed by the United 
Kingdom 2nd (0.0127 tera joules), the USA 3rd (0.0116 tera 
joules), and Canada 4th (0.0103 tera joules). Although there 
was a period from 2012 to 2014 where Italy stood in second 
place, a slower growth rate after that made Italy standing in 
fifth place in 2017 (0.0101 tera joules). Japan and France are 
two countries that have significantly lower levels of renewables 
per capita, only around 30% of the level of Germany, and the 
gaps between them and other G7 members have being widened 
considerably. These differences in renewable energy among G7 
countries signify the adoption of quantile regression over the 
use of conditional mean regression.

For the energy security risk index, the index ranges from 568 
(the United Kingdom in 2002) to 1395 (Japan in 1981) with an 
average score of 961. In 2017, among the top 25 energy users, 
the USA ranked 1st (727), Canada ranked 3rd (802), the United 
Kingdom ranked 11th (944), Germany ranked 14th (1085), 
France ranked 15th (1128), Italy ranked 21st (1240), and Japan 
ranked 22nd (1281). This ranking indicates that the countries 
in North America face lower energy insecurity than those in 
Europe while Japan, an East Asian country, will suffer more 
negative impacts from energy shocks. Concerning economic 
complexity, the economic complexity holds a mean value of 
1.739, which reaches the minimum value of 0.411 (Canada in 
2014) and a maximum value of 2.625 (Japan in 1996). Although 
G7 countries have higher levels of economic complexity over 
emerging and developing countries, there exists a big difference 
among them (Doğan et al. 2022). In 2017, Japan ranked the first 

place (2.309), followed by Germany (2.075), the USA (1.755), 
the United Kingdom (1.533), France (1.390), Italy (1.117), and 
Canada (1.057).

Econometric techniques

We begin our analysis by checking the properties of the panel 
data that determine the choices of estimation methods. First, the 
spread of globalization, in terms of political, economic, social, 
and environmental fields, has increased the inter-dependence 
among countries, especially the developed and emerging mar-
kets. Such an inter-country relationship requires us to test the 
cross-sectional dependence (hereafter CSD) between G7 coun-
tries. As a result, this research adopts a CSD test with either 
stringent cross-sectional independence (Pesaran 2021) or weak 
CSD (Pesaran 2015) as the null hypothesis.

Based on the outcomes of the CSD test, the next stage is 
to choose between the first- and second-generation unit root 
tests to check the stationarity of panel data. If CSD exists, 
Pesaran’s (2007) second-generation unit root test in hetero-
geneous panels is used. The null hypothesis expects that all 
series are non-stationary.

The subsequent stage is to check if there is a co-integra-
tion association between renewable energy and its determi-
nants. There are several tests, e.g., Pedroni (1999, 2001) and 
Westerlund (2007) tests, to check the co-integration. The 
former test computes the means of each series across pan-
els and subtracts them from the original values to mitigate 
the problem of CSD. The latter test estimates the short-run 
adjustment towards the long-run equilibrium and provides 
robust results in the case of CSD. Both tests provide the 
results on the co-integration for individual panel members 
and for the panel as a whole.

The empirical approach consists of panel quantile regres-
sion as the primary estimation method, whereas the fixed 
effect regression with the Driscoll and Kraay (1998) standard 
errors is included as a comparison. The reasons for choosing 
the Driscoll-Kraay standard errors come from the fact that the 
residuals obtained from mean regressions are heteroskedastic, 
auto-correlated, and cross-sectionally dependent. Appendix 1A 
shows that the modified Wald statistic rejects the null hypothe-
sis of homoskedasticity. Appendix 1B indicates the rejection of 
the null hypothesis of no serial in the residuals by Wooldridge 
(2002) test. In Appendix 1C, the Friedman (1937) and Frees 

Table 2   Descriptive statistics Variable Mean Standard deviation Min 25th 50th 75th Max

REN 0.003 0.004 0.000 0.001 0.002 0.003 0.021
ESR 961 190 568 821 938 1123 1395
ECI 1.739 0.446 0.411 1.500 1.720 2.018 2.625
GDP 34,694 7961 19,345 29,616 33,518 39,527 58,388
TRA​ 44.838 17.753 15.810 29.984 45.282 55.861 87.237
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(1995, 2004) tests reject the null hypothesis of cross-sectional 
independence.

This study adopts the panel quantile regression instead of 
conditional mean ones because of several reasons. Traditional 
regressions may overestimate or underestimate the coefficients, 
and they do not account for the heterogeneous distribution of 
the panel data. In addition, if outliers occur in the dataset and/
or the residuals do not match a normal distribution, the esti-
mation results become not reliable. In contrast, the quantile 
regression allows flexibility in the distribution and produce the 
slopes for different quantile of the dependent variables. Given 
that the G7 economies have different amounts of renewable 
energy production per capita, it is reasonable to examine the 
varying roles of economic complexity and energy security at 
different locations in the renewable energy conditional distribu-
tion (as well as economic complexity and energy security). In 
order to compare the estimated results with those obtained via 
conditional mean regression, we decide to test the normality 
distribution of the residuals obtained from estimating Eq. (2). 
If the findings contradict the null hypothesis of normality, we 
should use quantile regression.

In order to estimate conditional quantile functions of the out-
come variable as functions of the treatment components, Koenker 
and Bassett (1978) recommended using quantile regression. The 
inclusion of additive fixed effect variables is a key component of 
the most extensively used approaches for quantile regression in 
panel data. However, this inclusion makes it more difficult to com-
prehend the parameters that were estimated (Canay 2011; Powell 
2022). Powell (2022) recommends a panel quantile regression esti-
mator with non-additive fixed effects.1 While maintaining the non-
separable disturbance property, this method exploits within-group 
variance for identification aims. As a result, parameter interpreta-
tion is equivalent to cross-sectional quantile estimates. Based on 
the method of Powell (2022), Eq. (2) can be modeled as follows:

where RENit denotes the renewable energy of country i in 
year t, D′

it
 is the set of all independent variables in Eq. (2), � 

represents the estimator of coefficients, and U∗
it
 is the random 

error term.
The panel quantile regression model depends on the fol-

lowing circumstance for the nation i in year t in the quantile:

According to Eq. (4), for all sets of dependent variables, 
the probability that the dependent variable is lower than the 
quantile function is similar and equal to τ. Powell (2022) 
contends that the generalized method of moments can be 
utilized to calculate the sample moments if the monotonic-
ity and conditional independence requirements are mutually 
fulfilled. In the former condition, D�

it
�
(
U∗

it

)
 is assumed to 

strictly increase in U∗
it
∼ (0, 1) . The second condition is a more 

(3)RENit = D
�

it
�
(
U∗
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)
with U∗
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∼ (0, 1)

(4)P
(
RENit ≤ D

�
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straightforward articulation of the stationarity assumption such 
that U∗

it
|Di ∼ U∗

is
|Di if the explanatory variables are exogenous 

(or U∗
it
|Zi ∼ U∗

is
|Zi where Zi acts as instruments variables if the 

explanatory variables are endogenous). Accordingly, the fol-
lowing definition applies to the sample moments:

The parameter set can be generated by

The parameter can be estimated as follows using some 
weighting matrix Â that is created using the two-step gener-
alized method of moments:

Following the evaluation of the long-term empirical data, 
the Dumitrescu and Hurlin (2012) causality test is conducted 
to investigate the causal relationship between the variables. In 
other words, because policy debates are typically bidirectional, 
we seek to identify the direction of dynamic bivariate panel cau-
sality among the outlined indicators under consideration. This 
method addresses heterogeneity and CSD and has been used 
extensively in many studies (Rahman and Sultana 2022; Uzar 
2020b; Zhao et al. 2020). The absence of homogeneous Granger 
causality across all cross-sectional units corresponds to the null 
hypothesis. The alternative hypothesis, on the other hand, con-
siders that there can be causality for some individuals but not 
necessarily for all individuals in the panel.

Empirical results and discussion

Preliminary test results

The empirical results for CSD are presented in Table 3. As 
all statistics are statistically significant at 1% level, the null 
hypothesis of cross-sectional independence or weak CSD 
is discarded. This finding confirms a high inter-connected 
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1  This study uses the econometric software Stata version 15 to esti-
mate the regression.
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relationship among G7 countries in terms of energy, eco-
nomic activities, and economic development.

Table 4 provides empirical results for unit root tests for all 
variables at their level and first difference forms. For series 
at level, trade openness variable is stationary only at 10% 
significance level, while the rest of the variables are found 
not at any conventional significance level. After the first dif-
ference transformation, the null hypothesis that a series is 
non-stationary is rejected at 1% significance level for all 
variables.

The outcomes of the CSD and unit root tests direct us to 
examine the co-integration among the variables by using the 
Westerlund (2007) test. Table 5 displays the outcomes of 
panel co-integration Westerlund (2007) tests. The rejection 
of the null hypothesis in two panel statistics is interpreted 
as a confirmation of co-integration of at least one of the 
cross-sectional units.

To examine the multi-collinearity between independent 
variables, we use the variance inflation factor (hereinafter 
VIF). Following the rule of thumb, variables demonstrating 
the VIF > 10 should be subjected to further testing proce-
dures. The outcomes reported in Appendix 2 show that all 
the VIF is significantly lower than 10, proving that multi-
collinearity is not an issue in our data.

To examine the normality behavior of residuals 
obtained from regressing Eq. (2) using conditional mean 
methods, the Shapiro and Wilk (1965) and Bera and Jarque 
(1981) tests are utilized. As shown in Table 6, the sta-
tistics reject the null hypothesis of normality at 1% sig-
nificance level. This outcome implies that the adoption of 
conditional mean methods will produce less reliable and 
inconsistent results as compared to those obtained from 
quantile regression.

Main results and discussion

Table 7 displays the quantile regression results based on 
Eq. (2). To facilitate the comparison with the results obtained 
from conditional mean regression, we add the results from 
fixed effects with Driscoll-Kraay standard errors in the last 
column of Table 7. First, the energy security risk index posi-
tively influences renewable energy across quantiles. It means 

that higher energy insecurity is an important reason for the 
development and deployment of renewable energy. In other 
words, renewable energy is a strategic response against the 
backdrop of global geopolitical, socio-economic, technologi-
cal, and environmental uncertainties causing energy shocks 
(Valentine 2011). The statistically positive impact of energy 
security risk on renewables confirms the conclusion of Val-
dés Lucas et al. (2016) that energy security contributes a key 
role in the expansion of renewable energy, which opposes 
the findings of Ibrahiem and Hanafy (2021) and Marques 
and Fuinhas (2011).

However, there are significant differences in the effect of 
energy security risk across lower (10th to 30th), middle (40th 
to 60th), and upper (70th to 90th) quantiles in the conditional 
distribution of renewable energy. Specifically, at an extremely 
low quantile, e.g., 10th, a 1% increase in the energy security 
index causes a 3.605% growth in renewable energy production. 
However, at the 20th and 30th quantiles, the magnitude of the 
impact decreases considerably to only 2.291% and 2.495%. At 
middle quantiles, the effect recovers to stand in a range between 
2.920% and 3.182%. The impact of energy security risk on 
renewable energy drops again to approximate the impact at the 

Table 3   Cross-sectional dependence test

a p-value < 0.01

Variable CD test Mean ρ Mean abs (ρ)

REN 23.436a 0.84 0.84
ESR 22.869a 0.81 0.81
ECI 12.477a 0.44 0.46
GDP 23.969a 0.91 0.91
TRA​ 19.815a 0.70 0.70

Table 4   Unit root test

a p-value < 0.01
b For < 0.1 significance level

Variable Level First difference

Without trend With trend Without trend With trend

REN  − 0.492 0.139  − 3.540a  − 3.099a

ESR 0.225  − 0.094  − 4.869a  − 3.614a

ECI 1.749 1.255  − 4.027a  − 3.087a

GDP  − 0.225 1.042  − 3.970a  − 2.315a

TRA​  − 1.393b  − 0.239  − 5.679a  − 4.985a

Table 5   Co-integration test

a p-value < 0.01
b For < 0.1 significance level

Statistic Value Z-value

Gt  − 1.266 1.833
Ga  − 3.633 2.324
Pt  − 7.522a  − 2.561
Pa  − 9.921b  − 1.378

Table 6   Normality test

a p-value < 0.01

Shapiro–Wilk (1965) Jarque–Bera (1981)

Statistic 2.931a 19.030a
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30th quantile when the latter moves to the 70th quantile, fol-
lowed by a small resumption at the 80th and 90th. While energy 
security risks is a significant determinant of renewable energy 
across all quantiles, its impact follows a W-shaped curve (down 
up down up pattern) with a smaller fluctuation in the second 
phase. The reason for the diminishing impact of energy inse-
curity across the renewable energy distribution is that when a 
country develops renewable energy, its energy system will be 
less negatively affected by energy shocks, e.g., fossil fuel supply 
disruption or price fluctuation (Aslanturk and Kiprizli 2020; 
Chuang and Ma 2013). Higher energy diversification allows 
an economy to absorb a shock in one energy input, e.g., coal 
or oil, by increasing the use of another such as wind or solar 
(Charfeddine and Barkat 2020). Moreover, better environmen-
tal welfare due to the increasing consumption of clean energy 
sources lessens the environmental pressures on the govern-
ment and enterprises, so the influence of energy insecurity on 
the renewable energy recedes. On the other hand, in countries 
with low renewable energy level, the energy transformation is 
almost an imperative rather than an alternative policy proposal 
when they face energy shocks. Overall, we may infer that there 
exactly exists heterogeneity for the impact of energy security/
insecurity on renewable energy among G7 countries with dif-
ferent levels of renewables.

Second, the impact of economic complexity on renewable 
energy is statistically unfavorable and varies between renew-
able energy quantiles. This negative linkage relates to the 
advancement of four economic structural factors, represent-
ing the economic complexity level of a country (Chu 2021; 
Stern 2004). The development of the first two factors, the pro-
duction scale and industry structure, leads to an accumulative 
energy demand, which may increase the country dependence 
on fossil fuels because of their availability, large-scale supply, 
and low producing costs. In contrast, the favorable effects of 

the third and fourth factors, the production input mix and 
technology improvement, on renewable energy may not be 
achieved at the current stage of renewable energy develop-
ment because of many barriers such as high investment costs, 
lack of tools for electricity shortage, the decentralization 
model, the difficult market entry, and unequal playing field in 
the energy industry (Ibrahiem and Hanafy 2021). Moreover, 
the development of renewable energy requires advanced tech-
nologies, which are more challenging to develop than those 
of traditional energy sources. It may be the case that sophis-
ticated knowledge has not been directed towards renewable 
energy sectors enough to create significant benefits for the 
production of renewables (Alam and Murad 2020; Bamati 
and Raoofi 2020). In fact, the socio-economic activities of the 
G7 are still pushing high pressure on exploiting and produc-
ing a considerable amount of energy, forcing the increasing 
reliance on fossil energy (Khan et al. 2021).

The impact of economic sophistication achieves the 
highest level at the 10th quantile where a 1% improve-
ment in the economic complexity index leads to a 1.588% 
decrease in renewable energy production. It then decreases 
gradually along the middle and upper quantiles to reach 
the minor levels at the 80th and 90th quantiles (− 0.131% 
and − 0.128%). When a nation develops renewable energy, 
the positive benefits of the production input mix and techno-
logical advancement neutralize the negative consequences 
of scale and industry structure. This argument is rational as 
G7 countries have been spending considerable resources on 
developing and deploying renewable energy sources to meet 
their increasing energy demand as well as to reduce energy 
dependence on foreign suppliers (Chalvatzis and Ioannidis 
2017; Pacesila et al. 2016). Similar findings are found in 
the nexus between economic complexity and environmental 
health, where an increase in productive knowledge initially 

Table 7   Main results

a p-value < 0.01
b For < 0.05
c For < 0.1 significance level

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

ESR 3.605a 2.291a 2.495a 3.157a 3.182a 2.920a 2.431a 2.719a 2.629a 1.323
(0.694) (0.095) (0.358) (0.194) (0.265) (0.173) (0.564) (0.485) (0.039) (1.167)

ECI − 1.588a − 1.081a − 0.849a − 0.526a − 0.464a − 0.375a − 0.219b − 0.131c − 0.128a − 1.502c

(0.447) (0.050) (0.119) (0.047) (0.087) (0.068) (0.086) (0.075) (0.032) (0.835)
GDP 5.396a 4.775a 5.130a 5.223a 5.108a 4.608a 3.849a 3.998a 3.666a 6.765a

(0.164) (0.089) (0.321) (0.202) (0.378) (0.152) (0.603) (0.396) (0.034) (1.377)
TRA​ − 0.251 − 0.201a 0.004 0.147b 0.215a 0.358a 0.521a 0.678a 0.808a 0.321

(0.178) (0.065) (0.030) (0.070) (0.070) (0.030) (0.104) (0.086) (0.016) (0.789)
Constant − 86.762a − 71.357a − 77.081a − 83.040a − 82.147a − 75.523a − 64.693a − 68.727a − 64.775a − 86.706a

(5.668) (1.410) (5.769) (3.605) (5.956) (2.628) (10.259) (7.599) (0.563) (17.235)
No. of observations 245 245 245 245 245 245 245 245 245 245
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harms the environment but, later in the economic evolu-
tion, its improvement ensures environmental sustainability 
(Ahmad et al. 2021; Doğan et al. 2022).

Overall, the combined influence of economic struc-
ture on renewable energy development is negative. How-
ever, because the negative impact of economic complexity 
decreases as renewables expand, it is expected that the bene-
ficial impacts could be achieved when renewable energy and 
other determining factors develop to higher levels (Marques 
and Fuinhas 2011). The finding on the adverse effect of eco-
nomic sophistication on renewable sources is contrasting to 
the conclusions of Rafique et al. (2021) but it is consistent 
with those of Alvarado et al. (2021). However, this analysis 
suggests that the degree of the adverse impact reduces along 
with the distribution of renewable energy, contrary to Alva-
rado et al. (2021)’s finding that the magnitude of the impact 
increases with the level of renewable energy. This distinction 
may be attributed to the difference in the sample as Alvarado 
et al. (2021) focus on Latin American countries, while our 
paper utilizes the advanced G7 economies. In addition, the 
implication of the economic complexity-renewable energy 
nexus aligns with the arguments of Chu (2021), Khezri et al. 
(2022), and Wang and Wei (2020) that economic complex-
ity improvement related to scale effect causes environmen-
tal degradation, while economic complexity improvement 
related to energy efficiency leads to better environmental 
welfare.

Third, as expected, the coefficient of GDP per capita varia-
ble is positively significant at all quantiles of renewable energy 
distribution. Increased income may lead to bigger renewables 
via several channels, including the income channel due to 
higher energy consumption (Omri and Nguyen 2014) and/or 
investment channel due to more funds available for renewable 
energy projects and government supporting policies (Aguirre 
and Ibikunle 2014; Pfeiffer and Mulder 2013). At the lower 
and middle quantiles, the magnitude of the impact fluctuates 
modestly in a range of 4.608% and 5.396%. In contrast, the size 
of the impact decreases substantially when renewable energy 
production increases to the upper quantiles of distribution. At 
the 90th quantile, a 1% increase in income per capita results in 
a 3.666% growth in renewable energy production. The finding 
on the productive association between income and renewa-
bles is coherent with Gozgor et al. (2020), Li et al. (2021), 
Omri and Nguyen (2014), and Sadorsky (2009a) for the case 
of developed countries such as G7 and OECD countries.

Finally, the influence of international trade on renewable 
energy varies across the distribution of renewables. At the 
lower quantiles, the coefficient changes from negative (not 
statistically significant) at the 10th to negative (statistically 
significant) at the 20th, then positive (not statistically signifi-
cant) at the 30th. The influence is more extensive at the mid-
dle and upper quantiles. The highest impact belongs to the 
90th quantile where a 1% increase in trade openness leads 

to a 0.808% increase in renewable energy production per 
capita. These changes in the significance and sign of trade 
openness variables confirm the inconsistent outcomes of Ibra-
hiem and Hanafy (2021), Omri and Nguyen (2014), and Uzar 
(2020b). They are quite comparable to the findings of Chen 
et al. (2021) who discover that the influence of international 
commerce on renewables is contingent on the level of democ-
racy of 97 developed and developing countries. In addition, 
the finding also aligns with the result of Altinoz and Dogan 
(2021), where an increase in trade openness reduces air pol-
lution at high quantile levels of carbon emissions.

In comparison to the results from fixed estimation, the 
quantile regression provides a different but more comprehen-
sive picture. From the last column of Table 7, we can see that 
only economic complexity and economic development are two 
significant determinants of renewable energy while energy 
security risk and trade openness are not. In addition, the slope 
of impact is uniform, which fails to capture the diverse role of 
each driving force across the dispersion of renewable energy.

Overall, the estimation results from Table 7 indicate 
several important things. The most important factor deter-
mining the availability of renewable energy is economic 
development in terms of income per capita, although its role 
diminishes significantly as renewables are distributed. While 
the evolution of economic structure harms renewable energy 
production, its impact is on a diminishing trend when the 
renewable energy sector develops. Concerning energy secu-
rity, a rise in energy insecurity encourages the production 
of renewables, as well as a country with higher renewable 
energy development suffers from a small impact from energy 
insecurity. Economic globalization may act as a facilitator 
for the deployment of renewable energy in G7 countries.

Although Germany has the highest level of renewable 
energy production per capita among G7 countries, it ranks 
second place in terms of economic complexity. Therefore, 
the complexed economic structure inevitably dampens the 
development of renewables in this country. In contrast, its 
currently high energy security risk index requires Germany 
to accelerate the energy structure towards renewables. The 
USA faces a quite different situation from that of Germany. 
While the USA has relatively high levels of renewable 
energy development and economic complexity, it has a 
better position in terms of energy security risk (the low-
est index among G7 countries). Therefore, the USA faces 
fewer pressures from energy security to expand renewable 
energy. A similar pattern occurs in the United Kingdom 
and Canada. In contrast, not only do France, Italy, and 
Japan rely more on fossil fuels to generate power, they also 
suffer from high risk of energy security. This concerned 
attribute means that three countries should speed up the 
energy transition towards renewable energy. The situation 
becomes imperative and more difficult for Japan as this 
country also has the highest level of economic complexity.
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The study applies the Dumitrescu and Hurlin (2012) test 
to determine the direction of the relationship between vari-
ables. The results from Table 8 reveal the feedback effect 
between economic sophistication and renewable energy 
in G7 countries. Economic complexity causes renewables 
and vice versa. In contrast, the outcomes provide the one-
way relationships from energy security to renewable energy 
and from income to renewable energy. An unidirectional 
causality is also found between trade openness and renew-
able energy. Economic complexity does not Granger cause 
renewable energy and vice versa, and renewable energy does 
not Granger cause economic complexity. There is a two-way 
causal connection between income and economic complex-
ity but there is a one-way causal connection from trade open-
ness to economic complexity.

Robustness test results

The previous empirical analysis proves that energy security 
and economic complexity have diverse positive and negative 
on renewables in G7, respectively. In this sub-section, sev-
eral robustness checks are performed to confirm the validity 
of the main findings.

We repeat the quantile regression of Eq. (2) with differ-
ent substitutions for the three key factors. First, the dependent 
variable, measured by renewable energy production per capita, 
is replaced by renewable energy consumption per capita and 
the share of renewable energy (% of total final energy con-
sumption) to ensure that the conclusions can be applied to a 
comprehensive group of renewable energy indicators (Bourcet 
2020; Gan et al. 2007). Second, the energy security risk vari-
able is substituted by the energy import (as a proportion of 
total energy usage), a proxy for energy security that has been 
used extensively in energy studies (Ibrahiem and Hanafy 2021; 
Marques and Fuinhas 2012). Third, the improved economic 
complexity index is utilized to measure the upgradation of eco-
nomic structure. While this index still appraises the variety and 
sophistication of a nation’s export structure, it accounts for 
the difficulties in exporting products and the economic size of 
the exporting countries (Chu 2021). The estimation results of 

three sensitivity checks are presented in Table 9 A, B, C, and 
D, respectively.

Next, the possible reverse causation from renewable 
energy to energy security risk index may occur as several 
papers identify the significant impact of renewable deploy-
ment on energy security (Aslani et al. 2012; Cergibozan 
2022; Vaona 2016). Theoretically, renewable energy can 
minimize energy insecurity through channels, namely, sov-
ereignty, robustness, and resilience (Cherp and Jewell 2011; 
Valdés Lucas et al. 2016). Thus, we introduce the one-period 
lag of explanatory variables as instrumental variables to 
deal with reverse causation (Albulescu et al. 2019; Chu and 
Hoang 2022; Elgin and Oztunali 2014). Table 9 E displays 
the results where the estimations of the long-run relation-
ship between variables are basically consistent with those 
of Table 7.

Third, as environmental degradation is considered an 
influential factor determining the growth of renewable 
energy but the environmental perspective accounts for only 
8% of the energy security risk index, we further test the 
validity of the main findings by replacing the energy security 
risk index with carbon emissions and energy import. On the 
one hand, in many renewable energy studies, carbon emis-
sions have been widely used as a proxy for environmental 
quality. On the other hand, before the adoption of the energy 
security risk index, papers often employ energy import as 
a representative of energy security. Again, to deal with the 
potential reverse causation from renewable energy to car-
bon emissions, the lag of explanatory variables is used as 
instrumental variables. The estimated results are presented 
in Table 9 F, which finds the significantly positive relation-
ships between energy import, carbon emissions, and renew-
able energy in G7 countries.

Last, we follow earlier studies to add potential determi-
nants of renewable energy such as urbanization rate (Rafique 
et al. 2021) and foreign direct investment (Akintande et al. 
2020) in Eq. (2). Overall, the results from this robustness test 
(see Table 9 G) still confirm the heterogeneous impacts of 
driving factors on renewable energy across its distribution.

Conclusion and policy implications

In this paper, we analyze the determining factors of renew-
able energy in the panel data of G7 countries. To measure 
these two variables, the paper employs the energy security 
risk index and economic complexity index from the Global 
Energy Institute and the Atlas of Economic Complexity, 
respectively. Annual data over the period 1980–2017 is used 
in the study. The long-run linkage among interested vari-
ables is estimated by Powell (2022) panel quantile regres-
sion with non-additive fixed effects. The empirical results 
provide strong evidence of the long-run impacts of energy 

Table 8   Granger causality test results

a p-value < 0.01
b For < 0.05

REN ESR ECI GDP TRA​

REN - 4.445a 2.113b 1.977b 1.075
ESR 1.420 - 0.906 2.045b 3.272a

ECI 4.314a 0.151 -  − 2.042b 0.628
GDP 1.099 31.212a 11.212a - 2.005b

TRA​ 6.829a 0.336 2.180b 5.702a -

56086 Environmental Science and Pollution Research (2023) 30:56073–56093



1 3

Table 9   Robustness test results

A. Renewable energy consumption as dependent variable (tera joule per capita)
10th 20th 30th 40th 50th 60th 70th 80th 90th

ESR 3.521a 3.362a 2.991a 3.405a 3.161a 3.553a 3.709a 2.945a 2.959a

(0.127) (0.026) (0.149) (0.166) (0.187) (0.180) (0.046) (0.176) (0.116)
ECI − 1.461a − 0.921a − 0.645a − 0.557a − 0.633a − 0.377a − 0.264a − 0.180b − 0.162c

(0.049) (0.045) (0.083) (0.079) (0.062) (0.058) (0.034) (0.071) (0.091)
GDP 5.999a 6.018a 6.065a 5.734a 5.086a 5.557a 5.405a 4.431a 4.235a

(0.127) (0.031) (0.110) (0.228) (0.212) (0.138) (0.056) (0.145) (0.067)
TRA​ − 0.290b 0.252a 0.225a 0.336a 0.257a 0.533a 0.642a 0.664a 0.803a

(0.116) (0.049) (0.069) (0.057) (0.033) (0.051) (0.025) (0.044) (0.040)
Constant − 92.210a − 93.245a − 91.025a − 90.642a − 81.767a − 90.334a − 90.093a − 74.493a − 72.841a

(2.254) (0.469) (2.182) (3.624) (3.512) (2.750) (0.920) (2.521) (1.597)
No. of observations 245 245 245 245 245 245 245 245 245
B. Renewable energy consumption as dependent variable (% of total final energy consumption)

10th 20th 30th 40th 50th 60th 70th 80th 90th
ESR 2.796a 2.759a 1.515b 1.619a 1.478a 0.830a 0.689a 0.792a 0.740a

(0.098) (0.078) (0.605) (0.333) (0.189) (0.070) (0.040) (0.287) (0.177)
ECI -1.589a − 1.617a − 2.180a − 1.796a − 1.496a − 1.184a − 1.091a − 1.055a − 1.060a

(0.039) (0.072) (0.278) (0.238) (0.129) (0.071) (0.039) (0.106) (0.105)
GDP 0.994a 0.946a − 1.354 − 0.041 0.396a 0.197c 0.132b 0.561a 0.736a

(0.144) (0.177) (1.119) (0.566) (0.135) (0.113) (0.060) (0.199) (0.088)
TRA​ − 0.409a − 0.373a − 0.516a − 0.212 0.113 0.442a 0.508a 0.480a 0.447a

(0.064) (0.107) (0.094) (0.144) (0.105) (0.054) (0.031) (0.053) (0.040)
Constant − 25.903a − 25.147a 8.382 − 7.178 − 12.025a − 6.701a − 5.276a − 10.308a − 11.549a

(2.166) (2.742) (15.891) (8.482) (2.112) (1.546) (0.732) (3.391) (1.968)
No. of observations 189 189 189 189 189 189 189 189 189
C. Energy import (% of total energy usage)

10th 20th 30th 40th 50th 60th 70th 80th 90th
EMP 0.601c 0.867a 0.415a 0.333a 0.287a 0.280b 0.232b 0.127a 0.075

(0.356) (0.069) (0.086) (0.106) (0.074) (0.109) (0.096) (0.028) (0.069)
ECI − 1.477a − 1.425a − 1.554a − 0.769b − 0.984b − 0.702b − 0.601c − 0.363a − 0.926a

(0.363) (0.434) (0.357) (0.322) (0.485) (0.353) (0.339) (0.038) (0.162)
GDP 2.736a 3.031a 3.370a 3.477a 3.182a 3.086a 2.766a 2.255a 1.227a

(0.297) (0.256) (0.145) (0.236) (0.220) (0.189) (0.213) (0.129) (0.177)
TRA​ − 0.788a − 0.740c − 0.681a − 0.542a − 0.206b − 0.037 0.315b 0.707a 1.043a

(0.163) (0.431) (0.165) (0.123) (0.105) (0.146) (0.124) (0.065) (0.096)
Constant − 34.605a − 38.784a − 40.408a − 41.901a − 39.493a − 39.035a − 36.603a − 32.172a − 21.768a

(4.798) (2.750) (2.215) (2.766) (2.386) (1.813) (2.154) (1.255) (1.730)
No. of observations 191 191 191 191 191 191 191 191 191
D. Improved economic complexity

10th 20th 30th 40th 50th 60th 70th 80th 90th
ESR 2.458a 1.352a 1.607a 2.571a 3.340a 3.557a 3.473a 2.150a 2.515a

(0.406) (0.144) (0.386) (0.199) (0.349) (0.352) (0.268) (0.437) (0.052)
ECI − 2.936a − 3.355a − 3.028a − 2.044a − 1.167a − 0.379c − 0.207c 0.642b 0.544b

(0.139) (0.092) (0.605) (0.263) (0.332) (0.235) (0.124) (0.288) (0.226)
GDP 4.348a 3.225a 3.817a 4.021a 4.770a 5.441a 5.037a 3.831a 3.965a

(0.314) (0.094) (0.624) (0.279) (0.539) (0.423) (0.208) (0.484) (0.189)
TRA​ − 0.624a − 0.871a − 0.500a − 0.049 0.208c 0.508a 0.652a 0.931a 0.913a

(0.138) (0.021) (0.167) (0.056) (0.120) (0.076) (0.050) (0.045) (0.021)
Constant − 66.437a − 45.955a − 55.144a − 65.452a − 79.591a − 89.162a − 84.804a − 64.148a − 67.750a

(5.542) (1.924) (9.823) (4.282) (8.408) (7.056) (3.917) (8.163) (2.399)
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a p-value < 0.01
b For < 0.05
c For < 0.1 significance level

Table 9   (continued)

No. of observations 231 231 231 231 231 231 231 231 231
E. Endogeneity issue (lagged independent variables as instrumental variables)

10th 20th 30th 40th 50th 60th 70th 80th 90th
ESR 2.226a 2.425a 2.801a 3.118a 3.018a 3.148a 2.840a 2.446a 2.833a

(0.306) (0.242) (0.066) (0.074) (0.136) (0.078) (0.132) (0.096) (0.065)
ECI − 1.916a − 1.043a − 0.652a − 0.519a − 0.438a − 0.234a − 0.247b − 0.492a − 0.136

(0.226) (0.219) (0.041) (0.022) (0.042) (0.076) (0.111) (0.076) (0.103)
GDP 4.158a 4.935a 5.525a 5.214a 4.869a 4.833a 4.275a 3.699a 3.792a

(0.219) (0.228) (0.061) (0.068) (0.079) (0.065) (0.094) (0.058) (0.132)
TRA​ − 0.271b − 0.051 0.073c 0.138a 0.145a 0.397a 0.486a 0.444a 0.887a

(0.124) (0.197) (0.042) (0.034) (0.019) (0.026) (0.082) (0.054) (0.026)
Constant − 64.114a − 74.513a − 83.638a − 82.654a − 78.275a − 79.626a − 71.843a − 62.571a − 67.753a

(4.102) (4.293) (1.063) (1.241) (1.624) (0.665) (1.629) (1.354) (1.643)
No. of observations 245 245 245 245 245 245 245 245 245
F. Energy import (% of total energy usage) and carbon emissions (per capita) as independent variables

10th 20th 30th 40th 50th 60th 70th 80th 90th
EMP 0.738a 0.967a 0.659a 0.399a 0.871a 0.675a 0.660a 0.733a 0.826a

(0.080) (0.026) (0.042) (0.043) (0.051) (0.052) (0.071) (0.020) (0.088)
CO2 − 0.061 0.159a 0.172a 0.195a 0.276a 0.386a 0.579a 0.830a 0.187c

(0.055) (0.022) (0.051) (0.033) (0.086) (0.111) (0.075) (0.043) (0.097)
ECI − 1.163a − 1.419a − 0.764a − 0.879a − 0.657a − 0.472a − 0.658a − 0.423a − 0.765a

(0.126) (0.049) (0.080) (0.067) (0.061) (0.071) (0.043) (0.091) (0.244)
GDP 3.786a 3.887a 4.091a 4.054a 4.244a 2.858a 3.335a 3.203a 2.283a

(0.062) (0.046) (0.048) (0.087) (0.166) (0.255) (0.046) (0.098) (0.205)
TRA​ − 0.876a − 0.946a − 0.602a − 0.689a 0.218a − 0.546a 0.503a 0.779a 0.627a

(0.065) (0.054) (0.026) (0.048) (0.031) (0.158) (0.036) (0.042) (0.120)
Constant − 1.163a − 1.419a − 0.764a − 0.879a − 0.657a − 0.472a − 0.658a − 0.423a − 0.765a

(0.126) (0.049) (0.080) (0.067) (0.061) (0.071) (0.043) (0.091) (0.244)
No. of observations 191 191 191 191 191 191 191 191 191
G. Urbanization (% population) and foreign direct investment (net inflow % GDP) as independent variables

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

ESR 2.755a 2.583a 2.517a 3.011a 3.308a 3.144a 3.405a 3.206a 2.462a

(0.459) (0.125) (0.298) (0.235) (0.276) (0.199) (0.016) (0.057) (0.060)
ECI − 1.593a − 1.221a − 0.854a − 0.590a − 0.473a − 0.323a − 0.143a − 0.079a − 0.095b

(0.310) (0.125) (0.097) (0.070) (0.094) (0.056) (0.021) (0.029) (0.041)
GDP 5.189a 5.250a 5.459a 5.075a 5.044a 4.783a 4.425a 4.344a 3.851a

(0.778) (0.075) (0.263) (0.179) (0.529) (0.238) (0.017) (0.043) (0.061)
TRA​ − 0.733a − 0.238a 0.050 0.075 0.208c 0.361a 0.571a 0.767a 0.822a

(0.263) (0.029) (0.052) (0.054) (0.112) (0.072) (0.025) (0.017) (0.039)
URB − 5.230a − 3.508a − 1.640a 0.211 0.050 0.714a 2.042a 1.418a  − 1.113a

(0.698) (0.213) (0.567) (0.199) (0.299) (0.096) (0.113) (0.243) (0.349)
FDI 0.094a 0.012c − 0.002 − 0.000 0.009 − 0.002 − 0.023a − 0.052a − 0.038a

(0.022) (0.007) (0.015) (0.012) (0.021) (0.012) (0.002) (0.008) (0.004)
Constant − 54.506a − 62.944a − 73.726a − 81.117a − 82.522a − 82.013a − 86.421a − 82.072a − 60.746a

(7.738) (1.850) (7.064) (3.886) (6.837) (3.969) (0.669) (1.207) (0.820)
No. of observations 245 245 245 245 245 245 245 245 245
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security and economic complexity on renewable energy. 
Specifically, higher energy insecurity encourages renew-
able energy although its impact fluctuates up and down 
along the distribution of renewable energy. In contrast, 
an upgrade in economic complexity hampers the develop-
ment of renewable sources. However, the size of the impact 
decreases when renewable energy becomes more popular. 
The development of renewables over the studied period is 
also strongly influenced by per capita income and global 
trade, albeit the latter’s influence shifts from being detri-
mental to being advantageous as renewable energy expands.

The empirical results imply several straightforward impli-
cations for G7 policymakers. First, the preparation and imple-
mentation of energy security strategies should be coherent with 
the development strategies of renewable energy and vice versa. 
How energy insecurity affects renewable energy depends 
extensively on the current level of renewables. Although the 
impact of energy insecurity is smaller in the later phase of 
renewable energy development, the size of the impact is still 
significant when it is compared with the role of other factors. 
Thus, supporting policies for renewables should continue to be 
maintained and even expanded. The ongoing turbulence in the 
global energy market due to the geopolitical conflicts adds new 
urgency to accelerate clean energy transitions and diversifica-
tion of energy supply. Although looming market uncertain-
ties increase challenges for practitioners, the new attention on 
energy security provides opportunities for accelerating cleaner 
energy, energy efficiency, and energy independence.

Second, the role of energy security should be evaluated in a 
comprehensive framework where various factors such as eco-
nomics, politics, institutions, and the environment are consid-
ered. Focusing on a single indicator as import dependence is not 
enough to understand the causes and consequences of energy 
insecurity. Thus, the consistency between a broad range of 
energy policy dimensions is critical for achieving energy secu-
rity targets. It is necessary for the G7 governments to restruc-
ture their policy strategies that endorse energy security and link 
them to the renewable energy development targets. In fact, many 
countries, especially those in Europe, have announced plans to 
advance the development and deployment of renewables but 
the inter-corporation between countries should be complied to 
achieve the maximum benefits of such policies. Moreover, it is 
necessary to view fossil fuel reform and the expansion of renew-
ables as a two-stage policy process rather than two isolated ones.

The positive influence of energy security on renewables also 
implies that although energy transition offers an opportunity to 
build a safer and more sustainable energy system, there is no 
guarantee that this journey will be a smooth one. The energy 
transition requires building new clean energy infrastructure and 
reducing the dependence on existing carbon-emitting struc-
tures, making the management of the co-existence between 
these structures much more challenging. Primarily, the need 
to look at a broad range of energy security during the energy 

transition towards renewable energy should be an important 
pillar for energy development in G7 countries. In addition, 
the high cost of capital and large upfront capital are two key 
barriers that hamper prospects for investment. Given the fact 
that investment in renewable energy has been far below what 
is needed to meet the increasing demand, enacting policies 
that encourage and boost investment, e.g., fiscal incentives in 
clean energy production should be speeded up. On demand 
side, the switch from fossil to renewable sources should occur 
concurrently with the changes in the production side. Thus, 
the shifts in consumer preference and behavior contribute an 
essential part in developing renewables and ensuring energy 
security. Finally, a better position in relation to energy suppliers 
can also be attained via collaboration among G7 countries and 
new energy-producing countries rather depending on traditional 
suppliers.

Third, the process of transforming the economy into a 
highly knowledge-intensive level creates a side effect on 
the development of renewable sources. While the policy-
makers should be cautious in dealing with this unwilling 
effect, they should continue to support renewable energy 
development. As renewable energy develops, the negative 
impact of economic complexity decreases in its size and it is 
expected to be beneficial if renewables reach a certain high 
level. The G7 governments should direct their policies that 
support knowledge improvement towards renewable energy 
research, development, and deployment. Specifically, more 
fiscal incentives such as subsidized loans, tax deductions, or 
tax exemption schemes are required to sponsor for exploring 
and utilizing cleaner, more reliable, and affordable renew-
able energy sources.

Despite the fact that our results pass a number of robust-
ness tests, there are still a variety of limitations that could 
be beneficial for further research. The upcoming research 
can be conducted for a larger sample such as the top energy 
users, OECD, Belt and Road initiatives, BRICS, or oil-
exporting, oil-importing countries given the availability of 
data. Although the data on renewable energy, energy secu-
rity risk index, gross domestic product, and trade openness 
are available from 1980 to 2018, we only collect data of 
economic complexity from 1980 to 2017. This data availa-
bility limits our dataset from 1980 to 2017 and we urge other 
researchers to update data when it is possible. Furthermore, 
the significance of energy security and economic complex-
ity in defining different types of renewable sources such as 
solar, wind, hydro, and biomass is potential for subsequent 
research. Researchers can also explore the long- and short-
run impacts of energy security and sophisticated knowledge 
to draw more relevant policies for developing renewable 
energy. Finally, because the transition to renewable energy 
is more than just a socioeconomic and environmental pro-
cess, other authors can expand on this framework to include 
cultural, technological, and political factors.
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Appendix 1 Residual test

A. Heteroskedasticity test
Chi-squared

Modified Wald statistic 1141.15a

B. Serial correlation test
Chi-squared

Wooldridge (2002) test statistic 150.467a

C. Cross-sectional dependence test
Chi-squared

Pesaran (2021) test statistic 0.917
Friedman (1937) test statistic 46.865a

Frees (1995, 2004) test statistic 1.509a

a p-value < 0.01

Appendix 2 Multi‑collinearity test

Variance inflation 
factor

1/variance inflation 
factor

ESR 1.351 0.740
ECI 1.315 0.761
GDP 1.401 0.710
TRA​ 1.250 0.800
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