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Summary

Comprehending the determinants of renewable energy (RE) deployment
has preoccupied the energy literature as well as policymakers internation-
ally due to countries’ overall shift away from fossil fuels in the energy mix.
As stated in the literature, empirical studies that analyze the determinants
of RE deployment use a number of different indicators for RE. The effect of
an ambiguous choice of the proxy might produce various outcomes and
thus create inconsistencies in the policy recommendations. This study aims
at filling this gap in the literature comparing and contrasting not only the
use of RE indicators but also, for robustness purposes, using indicators at
aggregate and per capita forms for a global sample, developed countries,
and developing countries. For the empirical purpose, this study employs
two econometric techniques: the pooled ordinary least squares with robust
SEs and the augmented mean group estimator, which account for cross-
sectional dependence in the dataset. The results show that a 1% increase in
gross domestic product (GDP) or GDP per capita leads to an increase in RE
between 0.05% and 1.01% and a 1% increase in energy price causes an
increase in RE between 0.07% and 0.99% with respect to various proxies,
implying that the magnitudes of impacts of income and oil price are quite
smaller when RE is proxied with RE consumption than when it is proxied
with RE production. In addition, their impacts dramatically change across
the choice between the share of RE and the levels of RE. More interest-
ingly, not only the size of the effect of carbon emissions but also its direc-
tion changes across indicators. Overall, the choice of RE indicator is of
great importance in putting forward reliable and consistent policy sugges-
tions.

Highlights
+ This study uses a number of renewable energy indicators to analyze the
determinants of renewable energy deployment.

Abbreviations: ADF, augmented Dickey-Fuller; AMG, augmented mean group; BTU, British thermal units; CADF, cross-sectional augmented
Dickey-Fuller; CD-test, cross-sectional dependence test; CIPS, cross-sectional Im-Pesaran-Shin; EU, European Union; G7, group of seven; OECD,
Organization of Economic Co-operation and Development; OLS, ordinary least squares; OPEC, Organization of Petroleum Exporting Countries; RE,

renewable energy.
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1 | INTRODUCTION

Renewable energy (RE) is at the center of the world
agenda because it plays an active role in providing energy
security’ and reducing gas emissions’ while energy
demand/consumption increases at a remarkable pace.
Regarding RE sources, they are mainly categorized as
solar, wind, geothermal, biomass, hydrogen, and hydro-
power energy. The contribution of RE deployment to sus-
tainability is directly related to the RE source
development. More specifically, hydropower which
accounts for 83.6% of total RE sources is the most com-
mon of RE sources and causing fewer emissions than
others.? The increase in energy consumption triggers the
electricity demand and especially the daily electricity
consumption increases. Admittedly, focusing on high sus-
tainability in electricity generation is important to miti-
gate the environmental impacts of this energy demand
and to provide RE deployment.* Given the specific
importance of hydropower in RE sources, focusing on the
environmental impacts of hydropower energy projects is
an inevitability.”> Many studies have reached that RE
plants cause emissions in the construction phase.>”’
Therefore, it is a fact that the emission-reducing effect of
RE deployment is strengthened by ensuring that the
development of RE sources is realized through environ-
mentally friendly. However, energy conversion from RE
sources instead of fossil energy sources contributes to
environmental quality® and ultimately the RE deploy-
ment is the main interest of this study.

The growing interest inspires researchers to explore
the determinants of RE deployment.® Income and oil
price as economic factors and carbon emissions as an
environmental indicator are widely used indicators to
explain RE deployment as shown in the review study of
Bourcet.’ Besides, the review study states that the effect
of each determinant on RE deployment is ambiguous.
Moreover, a body of literature demonstrates that eco-
nomic growth, carbon emissions, and oil prices contribute
to the RE development'®"> even though a group of studies
shows that they have a negative impact on RE.'®"® The
effect of various variables; especially, economic growth,
prices, and pollution on RE is a widely studied issue in the
literature. For example, financial development,®2® trade
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« Impacts of income and oil price are smaller when renewable energy is
proxied with consumption.

» Not only the size of the effect of carbon emissions but also its direction
changes across indicators.

energy, environment, income, oil price, renewable energy deployment

23,26,27 28,29

openness, and globalization are recently consid-
ered as determinants of RE deployment for small country
groups and single countries. As clear from the literature
review, only gross domestic product (GDP) (economic
growth), oil price, and CO, (pollution) are available for a
large country group.

In the context of the above explanations, another
aspect of studies carried out in the literature to determine
affecting factors of the RE deployment is the use of differ-
ent proxies for RE. In regard to different proxies (indica-
tors), the share of RE production'"'*2%3! levels of RE
production,®*** the share of RE consumption,**** and
levels of RE consumption.®***>*® More concretely, the
relationship between RE deployment and income, emis-
sions, and prices are investigated by many studies in the
related literature using different RE deployment indica-
tors. First, there are studies reaching economic growth
has a positive impact on the share of production as a
proxy of RE deployment'**'*#® and studies confirming
that economic growth reduces it.'"®*' The positive effect
of growth is determined by Brunnschweiler,*" Pleiffer
and Mulder*” for the level of production and by
Sadorsky,'® Salim and Rafiq,** Lu,*® and Nyiwul®’ for the
level of per capita consumption, and Padhan et al,*®
Gozgor et al*® for the level of consumption. Furthermore,
Le et al*® confirmed the U-shaped relationship between
RE and national income. Second, some studies suggest
that pollution contributes to RE deployment indicators,
which are share of production,'™** level of
production,’??**>*¢  and  level of  consump-
tion,10:1228.2936.3843.97 However, it is also noteworthy that
pollution has a negative impact especially on the share of
production'”?"***% and share of consumption.** Third,
there is evidence that prices reduce the share of produc-
tion'"'73% and the level of consumption,"*'**” but con-
tribute to the level of production'*'>**>*¢ and to the
level of consumption.?®?**® Consequently, the findings
of the relevant studies in terms of RE deployment are
ambiguous. With respect to this notice, the novelty
brought by this current study becomes clearer; such that,
empirical results are dependent on the choice of RE
deployment indicator and there is no clear definition of
RE deployment. For example, the positive effect of any
explanatory variable on production and on consumption
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does not mean the same. Moreover, depending on
whether the increase in question is absolute or relative,
the results have different meanings. Thus, by revealing
these details, this study is likely to shape policy implica-
tions based on the choice of the dependent variable in
analyzing the determinants of RE deployment.

Furthermore, the literature uses either absolute (aggre-
gate) or per capita levels for the above-mentioned proxies
and determinants. Overall, these indicators can be catego-
rized into three groups: share,''*?>3%*13  absolute
levels’12,28,29,32,35,43 and per Capita levels.19,38,41,45—47,51
Absolute measurements related to RE ignore differences
such as population, energy markets, and the level of eco-
nomic development of countries. Thus, per capita mea-
surements can be a better proxy in this logic. Besides,
indicators calculated with levels as a share of total energy
may lead to the most effective results because this mea-
surement means the substitution of RE sources with other
energies, and the potential increase in the share of RE is
critical in reducing the share of fossil energy sources.’
From another view of differentiation, the analysis of RE
deployment with either production or consumption only
creates some gaps since RE production and consumption
differ from each other; such that, consumption is the mea-
sure of the ultimate amount used in a country while pro-
duction is about a country's implementation of
environmentally friendly policies in energy.’ This distinc-
tion of measurements refers to problems in identifying RE
deployment. Moreover, the use of different proxies may
result in differences in estimation output and policy rec-
ommendations although these indicators are used for the
same model and country group. At this point, the notice-
able gap in the relevant literature is the necessity to focus
on a single or a few RE deployment indicator and/or to
consider the results obtained specifically for the RE indica-
tor used is neglected while explaining the determinants of
RE deployment. Therefore, unlike previous literature, this
study primarily highlights the proxy choice problem in
analyzing its determinants.

In light of the above considerations and discussions,
this study is the first attempt to discuss and show how the
choice of proxy for RE matters in grasping its supporting
and opposing determinants. Contrary to the fact that stud-
ies in the literature focus on different proxies for RE
deployment, this study is brought together all these
employed proxies to show whether the choice of proxy
impacts estimation outcomes and policy implications.
Thus, this study aims to clarify the implications for the RE
deployment by approaching the previous studies from a
new perspective. In other words, this study is the first
attempt to fill this gap while studies in the literature do not
focus on the difference between RE production and con-
sumption indicators and their measurements. Considering
the possible differences in outcomes depending on the

proxy of RE deployment, new and more applicable conclu-
sions specific to each proxy are achieved. It is aimed to
eliminate the confusion in the policy processes arising from
the choice of the proxy by considering the existing litera-
ture as a whole. In addition to this, neglected points in the
relevant literature are also considered in the selection of
sample and method. To carry out the mentioned aim, this
study uses income, oil price, and carbon emissions as
explanatory variables because (a) they are the common
determinants to each various proxy and model; (b) these
are the widely used factors in the literature; and (c) they
are available for a large group of countries. Alongside the
fundamental aim, the second contribution of this study is
extensive coverage. It covers not only a global sample but
also developed and developing countries. Thus, the effects
tested on eight different proxies are presented compara-
tively for developed and developing countries, and a com-
prehensive discussion of policy-making processes is
initiated. Third, previous studies could not reach a consen-
sus on the effects of income, oil price, and environment on
RE deployment. This study aims to help the energy litera-
ture reaching a consensus on the mentioned nexus. Fourth,
this paper methodologically contributes to the current liter-
ature using the pooled ordinary least squares (OLS) with
robust SEs**> and the augmented mean group (AMG)
estimator,>>” which consider heterogeneity and cross-
sectional dependence in the data. Relevant studies in the
literature generally focus on static estimation methods
based on conventional OLS approaches such as fixed
effects, random effects, GLS,>*"*%**° or dynamic
methods such as generalized method of moments estima-
tion approach'>****! introduced by Arellano and Bond.”®
On the other hand, these approaches, which are mostly
adopted, have strong assumptions that may lead to incon-
sistent estimates. Since Driscoll and Kraay SEs and AMG
estimators cope with deviations from main assumptions,
using these methods provides more robust results to the
existing literature. Thus, the relationship between the prox-
ies of RE deployment obtained from the US Energy Infor-
mation Administration®® and the explanatory variables
drawn from the World Bank's World Development Indica-
tors® is addressed by the above-mentioned methods.

This paper is constructed as follows. Section 2 pre-
sents the dataset and the main models. Section 3 explains
the methods and discusses empirical results. The last

section concludes the study and reveals policy
implications.
2 | MODEL AND DATASET

To examine the impact of economic growth and oil price
(economic factors), and CO, emissions (environmental
factor) as per the studies of Sadorsky,'® Apergis and
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Payne,*® Lu,*® and Bourcet’ the following model is postu-
lated in Equation (1):
Generic model specification:

Renewable Energy;, = 1)
f (Economic growth;,, Environment;, Price).

All the estimations will be conducted for the full sam-
ple of all countries, and separately for the group of devel-
oped and developing countries both for robustness
purposes as well as for deriving recommendations for the
optimal choice of a proxy for RE. The estimated model
specifications are inspired by Marques and Fuinhas,"’
Nyiwul,>” and Bamati and Raoofi'® as follows:

Model 1: PRE;, = f(GDP;, CO2;, PRICE;,),

Model 2: CRE;, = f(GDP;,, CO2;, PRICE;,),

Model 3: SPRE;, = f(GDP;,, CO2,, PRICE;),

Model 4: SCRE;, = f(GDP;,, CO2;,, PRICE;,),

Model 5: PREPC;, = f(GDPPC},, CO2PC;,, PRICE;,),
Model 6: CREPC;, = f(GDPPC;,, CO2PC;,, PRICE;,),
Model 7: SPREPC;, = f(GDPPC;,, CO2PCy, PRICE,),
Model 8: SCREPC;, = f(GDPPC}, CO2PCy,, PRICE;),

where RE is proxied with eight indicators: RE production
(PRE), RE consumption (CRE), per capita RE production
(PREPC), per capita RE consumption (CREPC), the share
of RE production in total energy production (SPRE), the
share of RE consumption in total energy consumption
(SCRE), the share of per capita RE production in per
capita total energy production (SPREPC), and the share
of per capita RE consumption in per capita total energy
consumption (SCREPC); in addition, economic growth as
GDP and per capita GDP (GDPPC), the environment as
carbon dioxide emissions (CO,), per capita carbon diox-
ide emissions (CO,PC), and price of crude oil (PRICE),
i = 1,.., 72 denotes the country and ¢t = 1980,...,2016
denotes the time period.

The proxies employed here for RE are selected for two
main reasons: firstly, they cover all the range of indicators
used in the literature to proxy RE when evaluating its
determinants or impact'>'”*” and secondly, worldwide the
policymakers have put targets and made commitments on
improving the role of RE in the supply mixes of their coun-
tries by improving a number of indicators (refer to Sustain-
able Development Goal 7 and its target indicators).

This study employs annual data on proxies for RE,
economic growth (GDP/GDPPC), environment (CO,/per
capita CO, emissions), and oil prices for 72 countries
(24 developed and 48 developing) (countries are listed in
Appendix) for the period from 1980 to 2016. The RE and
total energy data are in quadrillion British thermal units
borrowed from US Energy Information Administration.

NERGY RESEARCH BAWA R B AL

The price is the average annual oil price per barrel in US
$ taken from the Organization of Petroleum Exporting
Countries database. Last, GDP in constant 2010 US$ and
CO, emissions in metric tons and population are
retrieved from the World Development Indicators.

The eight models are aimed at identifying the impact
of economic growth, carbon dioxide emissions, and oil
prices on RE deployment. As discussed in the literature
review, a variety of factors are tested in the literature as
to their validity as predictors of RE. Working in this study
with a global panel of many countries as the data avail-
ability allowed us, we chose these three control variables
to capture basic differences among the countries rep-
resenting their economic conditions, environmental sta-
tus, and alternative fuels available.

More specific aim is to reveal differences in the use of
indicators for RE deployment in terms of three explana-
tory variables commonly used in the literature. Thus, the
difference that the use of various RE indicators create in
terms of policy-making is observed more clearly by deter-
mining the effects of the most widely used economic and
environmental variables'>'>1719:3337:47:50.6162 o - giffer-
ent proxies. The fact that the studies in the literature
achieve different results is the inspiration of these
models. For instance, Marques and Fuinhas'” used the
share of RE production as a dependent variable. They
revealed that GDP, CO,, and oil prices have a negative
impact on RE deployment. Bamati and Raoofi'® found
that GDP and oil prices lead to an increase in RE produc-
tion per capita, but CO, emissions mitigate it. Nyiwul®’
analyzed the effect of these variables on RE consumption
per capita. Findings suggest that GDP and CO, emissions
contribute to RE deployment, but oil prices decrease
it. Therefore, this study essentially tests the hypothesis
that the effect of these independent variables on all RE
indicators is ambiguous. This result essentially highlights
the indicator matter of the RE deployment. The differ-
ence emerging in the effect of the same explanatory vari-
ables on different RE indicators makes it inevitable to
consider each proxy of RE deployment separately.

2.1 | Estimation strategy

To investigate the effect the choice of the RE proxy has
on the dynamics between RE, and economic growth, oil
price, and emissions, the study follows empirically the
following steps. The stationarity properties of the series
provide an indication of the approach and econometric
techniques to be employed in the study. In most studies,
first-generation panel unit root tests are performed with
the assumption that cross-sections are independent.
However, as per Kasman and Duman,®® “cross-sectional
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dependence can be the case due to unobserved common
factors, externalities, regional and economic linkages”.
Therefore, to select the most appropriate panel unit root
test for the dataset, this study starts with by performing
diagnostic tests including cross-sectional dependence and
slope homogeneity tests, as proposed by Pesaran and
Yamagata® and CD-test by Pesaran.®®

Following and in the case of cross-sectional depen-
dence and heterogeneity, we examine the univariate prop-
erties of the series variables making use of the cross-
sectional augmented Dickey-Fuller (CADF) panel unit root
test by Pesaran® to prevent a spurious regression. The con-
clusion of the tests indicate the existence of nonstationarity,
the next step is to focus on the long-run relationship
(cointegration). To do so, the study employs the
cointegration test proposed by Westerlund.®® In the case of
a cointegrated relationship confirmed, the next step is to
estimate the parameters of the models, as discussed in the
previous section. A pooled regression model (OLS) is to be
estimated to take into consideration the existence of cross-
sectional dependence using the robust SEs as proposed by
Driscoll and Kraay,”* as well as the AMG estimator intro-
duced by Eberhardt and Teal®*® to secure robustness to
cross-sectional dependence and heterogeneity (Figure 1).

2.2 | Methodological limitations

The data period and sample selection are the main limits
of econometric analysis. In this study, which focused on
72 countries (24 developed and 48 developing), the sam-
ple limitation is largely eliminated. However, since the
data period is inevitably dependent on official statistics,

1. Cross-sectional
dependency (Pesaran, 2004)
2. Slope homogeneity
(Pesaran and Yamagata,
2008)

Ho 1s rejected.

Estimation of long run
coefficients:

1. Pooled Regression
(Driscoll and Kraay, 1998)

2. AMG (Eberhardt and Teal,

Ho 1s accepted.

data for the largest possible sample for the period 1980 to
2016 are obtained. Therefore, adopting methods appro-
priate for the time and sample size (N > T) is another
limit. The analysis phase of the study is completed in
accordance with this situation. Also, due to the heteroge-
neity and cross-sectional dependency detected in the
diagnostic tests, estimation methods that consider these
problems are preferred. Thus, the feature of the dataset
limits the choice of estimation methods.

3 | EMPIRICAL RESULTS AND
DISCUSSIONS
3.1 | Cross-sectional dependence and

slope homogeneity tests

Firstly, this study employs the cross-sectional dependence
test developed by Pesaran® to examine if the panel data
groups are cross-sectional independent and the Pesaran
and Yamagata® to evaluate the slope homogeneity.
Table 1 presents the results that show: (a) the null
hypothesis of no cross-sectional dependence is rejected
and hence, cross-sectional dependence is confirmed for
all models at 1% level of significance and (b) the null
hypothesis of slope homogeneity is rejected at 1% level of
significance, and hence slope heterogeneity is present.

3.2 | Panel unit root tests

The panel unit root test proposed by Pesaran®® is con-
structed based on the following CADF:

Unit root test:
Second generation unit root
test (CADF)

)
=
-
=
=
T
=

Cointegration analysis:
Second generation
(Westerlund, 2007)

FIGURE 1
estimation stages [Colour figure

Flowchart of

can be viewed at

wileyonlinelibrary.com]
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TABLE 1 Results from cross-sectional dependence and slope homogeneity tests
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8

CD-test 30.24% 33.19% 11.12% 31.69% 28.39% 30.22° 11.65% 25.35%
Aadj 42.62% 46.76* 42.35% 36.99* 39.03% 41.73* 42.38% 36.55%

1% level of significance.

TABLE 2 Results of the cross-sectional augmented Dickey-Fuller panel unit root test

Global Developed Developing Global Developed Developing

PRE —2.373 —2.393 —2.287 dPRE -3.123% —2.890% —3.050%
CRE —2.084 —2.326 —2.168 dCRE —2.946% —2.690% —2.936%
SPREPC —2.458 —-1.903 —2.532 dSPRE —2.892% -3.114% —2.746%
SCREPC —1.980 -2.190 -1.987 dSCRE -2.739* ~2.658" —2.745
PREPC —2.388 —2.437 —-2.497 dPREPC -3.111* —2.900% —3.043%
CREPC —2.140 —2.338 —2.325 dCREPC —2.942% —2.679° —2.925%
SPRE —2.458 —-1.903 —2.532 dSPRE —2.892% -3.114% —2.746%
SCRE —1.980 —2.190 —1.987 dSCRE —2.739* —2.658" —2.745%
GDP -1.961 —1.748 -1.940 dGDP —-2.970* -2.931* —-2.879%
GDPPC —-1.925 —1.684 —1.904 dGDPPC —2.991* —2.877% —2.890%
CO, -1.753 —2.592 -1.795 dCo, —2.663% -2.911% -2.751%
CO,PC —1.831 —2.557 —-1.957 dCO,PC —2.662% —-2.861% —2.719%
PRICE —2.089 —-2.217 -2.139 dPRICE -2.871% —2.866" —-2.837%

1% level of significance;

©59 level of significance.

k k
Ayy=ai+pYy_1+hyi1+ Zyijﬂi’n_l + Z%Aifn_l +én 3.3 | Panel cointegration test

j=0 j=0

(2)

where q; is a deterministic term, y is the cross-sectional
mean at time t and k is the lag order. t;(N,T) is the ¢
statistic of the estimate of p; in the equation above to
compute individual ADF statistics. These t-ratios (named
cross-sectional Im-Pesaran-Shin (CIPS)) are identified as
below:

CIPS = (l/N)zN:t,-(N, T), (3)

i=1

where t; forms statistics from each CADF model for each
i of the panel. Pesaran® provide critical values of CIPS.
Table 2 presents the results of the CADF panel unit root
test for all variables included in the eight models for the
global, developed, and developing country panels. The
findings indicate that the series are nonstationary at
levels and stationary at first difference: hence, the vari-
ables are characterized as I(1) processes.

In the case of nonstationary series, there is a variety of
testing procedures to use in the literature; this study
chooses the cointegration test developed by Westerlund.®
The null hypothesis of the test is that of no cointegration,
under the assumption that all series are nonstationary.
The test uses four statistics: Gt, Ga, Pt, and Pa. The Ga
and Gt statistics test HO: ai = 0 vs H1: ai < 0 for at least
one of the series, i, starting from a weighted average of
the individually estimated coefficients «i and their
respective t-ratios. The Pa and Pt test statistics pool all
information over the cross-sectional dimension of the
dataset to test the same hypothesis as above.

The Westerlund (2007) model is structured as follows:

i
Ay =8d+ o (yy_q —PiXi—1) + ZaijAyit_j
=1
Pi (4)
+ Z YiXie—j + i,
j=-aq

where d, shows the deterministic elements, N is the
cross-sections, and T is the number of observations. As
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TABLE 3 Results from the Westerlund (2007) panel cointegration test

(a) Global sample

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8
Gt —4.699% —3.909% —2.629% —6.572% —-5.091% —4.177% —-1.265 —5.452%
Ga —1.206 —0.445 0.576 —3.522% —-2.131° —1.599° 0.516 —4.302%
Pt —-8.630% —5.414* -8.797% —7.088% -9.083% —5.604% -7.308% -7.150%
Pa —6.866" —5.363% —7.462% —6.644* —7.726% —5.548% —6.804* —7.257*
(b) Developed countries

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8
Gt -2.737% —1.566° —-1.308¢ —2.558% —2.565% —1.839° -1.263 —-2.356"
Ga 0.345 0.818 1.183 -1.793° —0.071 —0.357 0.485 —1.451°
Pt —5.792% —3.686" —6.065" —4.454* —6.041% —-3.673% —6.104% —4.264%
Pa —3.416* —2.226° —4.669% —3.425% —3.983% -2.303° —4.771* —3.473%
(c) Developing countries

Model 1 Model 2 Model 3: Model 4 Model 5 Model 6 Model 7 Model 8
Gt —4.464% —4.378% -2.611% —4.935% —4.874% —4.853% —-0.987 —5.065%
Ga 0.518 0.523 1.292 0.074 0.172 —0.236 1.523 —1.550¢
Pt —-5.120% —5.470% —-6.186" —6.052% —5.499% —4.738% —4.695% -5.127%
Pa —3.081% —3.074% —4.064% —3.290% —3.325% —2.828% —3.532% —3.644%

1% level of significance;
5% level of significance;
€10% level of significance.

Kasman and Duman® explain, the Westerlund®® have
the following advantages:

« It has good small sample properties and high power.

« The joint null hypothesis is that all cross-sections in
the panel are cointegrated.

« Relying on McCoskey and Kao™ test, it accommodates
correlation within and between the individual units in
the cross-sections.

« It is considered more reliable than panel cointegration
tests that are based on asymptotic distributions.

As seen in Table 3, the null of no cointegration is
rejected for the majority of the tests in all models for the
global sample as well as the developed and developing
panels.

3.4 | Panellong-run estimators

Having confirmed a cointegrated relationship in all
models, the next step is to proceed with the estimation of
the parameters. This study uses two modeling approaches
for robustness purposes: firstly, a pooled regression
model (OLS) with estimated SEs by Driscoll and Kraay>

to take into account cross-sectional dependence, and sec-
ondly, the AMG estimator as was proposed by Eberhardt
and Teal.>* The AMG includes a common dynamic pro-
cess to consider cross-sectional dependence as follows:
T
AEFPy =bAA; + Y crAD; +uy —
t=2
EﬂtEFPit =a;+ b;Ai[ +cit + diﬂt + ui,bAMG = N_IZbi,
i

(5)

where A is the vector of the independent variables, D is
the dummy variable that captures period effects while
c is the one that captures time effects, and u is the error
term. Sections 3.4.1 to 3.4.3 present the technical results
of the pooled OLS and the AMG estimators for the global,
developed, and developing countries' panel, respectively.
The dependent variable is RE, proxied by PRE, CRE,
PREPC, CREPC, SPRE, SCRE, SPREPC, and SCREPC.

3.41 | Empirical results: Global sample

The pooled OLS estimates with SEs for the full sample are
presented in Table 4 where the coefficient estimates can be
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TABLE 4 Results from ordinary least squares with robust SEs and augmented mean group estimator for global panel

(a) Ordinary least squares with robust SE

NERGY RESEARCH BAWA RS AL

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8
GDP 0.09% (0.032) 0.07° (0.033) 0.07* (0.034) 0.05° (0.026) — — — —
GDPPC — = — — 0.09% (0.034)  0.07° (0.035) 0.07 (0.034) 0.05° (0.027)
CO, 0.64° (0.040) 0.66°(0.041)  —0.23°(0.026)  —0.26° (0.030) — — — —
CO,PC — — — — 0.55° (0.037) 0.58°(0.043) —0.33°(0.023) —0.34°(0.032)
PRICE 0.15° (0.027) 0.13°(0.022) 0.08° (0.023) 0.07° (0.016) 0.12°(0.023)  0.10°(0.018) 0.07° (0.022) 0.05° (0.014)
CONS —-0.62(0.631)  —0.08 (0.634) 1.33° (0.717) 1.88°(0.522)  —0.12(0.233) 0.13 (0.228) 1.97° (0.239) 2.07° (0.187)
(b) Augmented mean group estimator

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8
GDP 0.95¢ (0.287) 0.89° (0.270) 0.12 (0.208) 0.50% (0.238) — — — —
GDPPC — — — — 1.01¢ (0.253) 0.95° (0.246) 0.29 (0.185) 0.57° (0.211)
co, —0.33°(0.120) —0.38°(0.134)  —0.37°(0.135)  —0.87°(0.134) — — p —
CO,PC — — = — —0.31°(0.121)  —0.37°(0.135)  —0.36°(0.138)  —0.88° (0.133)
PRICE 0.99° (0.382) 0.81¢ (0.256) 0.31°(0.122) 0.39°(0.128) 0.65° (0.241) 0.48° (0.158) 0.23% (0.093) 0.26° (0.091)
CONS —22.32°(7.49) —20.49° (6.66) 0.80(5.335)  —9.42° (5.852) 10.1°(2.551)  —8.93°(2.156)  —0.97 (1.71) —3.46° (1.843)

Note: Values in brackets are SEs.
5% level of significance;

510% level of significance;

1% level of significance.

interpreted as long-run estimates. Regarding the first out-
come (impact of income on RE deployment is ambiguous),
income presents positive and statistically significant elastic-
ities across the estimation techniques and the majority of
the model specifications with the exception of Model 3 and
8 in the AMG estimation. The elasticities vary between
0.05 and 1.01: meaning that depending on the proxy for
RE, a 1% increase in GDP or GDPPC will lead to an
increase in RE (various proxies) between 0.05% and 1.01%,
ceteris paribus. The difference might seem marginal but it
can make a bit difference in policy planning.

The results of the estimations with regards to the sec-
ond outcome dealing with the impact of CO, emissions
on RE deployment are not as straightforward. The coeffi-
cient parameters are positive and statistically significant
in pooled OLS estimations when dependent variables are
PRE (Model 1), CRE (Model 2), PREPC (Model 5),
CREPC (Model 6), but negative for all the others (Models
4, 5, 7, and 8); while for the AMG estimator, an increase
in emissions will lead to decreases in RE (negative elas-
ticities) for all models.

The third outcome of the study states that the impact
of oil prices on RE deployment is not clear. In Table 4, it
can be seen that for all estimation techniques and model
specifications, the elasticity is positive and statistically
significant. Such a positive coefficient confirms the
supporting studies: the higher the oil price, the higher
the RE in the countries regardless of the proxy chosen,
ceteris paribus. However, the share indicators (Models

3, 4, 7, and 8) have lower elasticities than the levels esti-
mators (Models 1, 2, 5, and 6). Moreover, coefficient esti-
mates also differ across the aggregate (absolute) and per
capita levels. Therefore, the choice of RE proxy is as
influential to the elasticity as the choice of estimator.

3.4.2 | Empirical results: Developed
countries

Table 5 presents the estimation results for the developed
countries. The coefficients of GDP and GDPPC to the var-
ious RE proxies are positive and statistically significant
when using the pooled OLS estimator. However, the dif-
ference is that when using the AMG estimator, the
income parameter is mostly statistically insignificant,
although positive. The choice of methodology, thus, can
play an important role in the findings and hence, the pol-
icy recommendations provided.

Oil price elasticities show the same trend as the
results in the full sample: the elasticity is positive and sta-
tistically significant; however, the share indicators have
lower elasticities than the levels estimators. Furthermore,
coefficient estimates also differ across the aggregate and
per capita levels. Finally, the findings of the CO, emis-
sions’ elasticity resemble the results of the full sample
when the AMG estimator is used: the increase in carbon
emissions decreases RE deployment. However, results
greatly differ when the OLS estimator is used: the effect
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TABLE 5

(a) Ordinary least squares with robust SE

DOGAN ET AL.

Results from ordinary least squares with robust SEs and augmented mean group estimator for the developed countries

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8
GDP 0.15% (0.054) 0.09° (0.045) 0.13% (0.051) 0.08° (0.040) — — — —
GDPPC = = = = 0.14% (0.046) 0.09° (0.034) 0.12% (0.041) 0.07° (0.030)
Co, 0.93% (0.064) 0.96% (0.053) 0.06 (0.057) 0.04 (0.046) — — — —
CO,PC = = = = —0.56°(0.217)  —0.57°(0.251)  —1.96°(0.242)  —1.46° (0.236)
PRICE 0.10* (0.027) 0.08" (0.021) 0.11% (0.018) 0.05" (0.016) 0.18" (0.053) 0.17* (0.040) 0.23 (0.065) 0.13% (0.034)
CONS —3.19% (1.16) —1.94*(0.959)  —1.17 (1.08) —0.02 (0.87) 2.06" (0.455) 2.70% (0.334) 5.21% (0.540) 4.40° (0.328)
(b) Augmented mean group estimator

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8
GDP 0.64° (0.333) 0.39 (0.416) 0.11 (0.382) 0.13 (0.436) — — — —
GDPPC  — — — — 0.55° (0.328) 0.39 (0.445) 0.16 (0.392) 0.14 (0.494)
co, —1.382(0.360)  —1.24*(0.306)  —0.66"(0.264)  —1.59* (0.314) — — = —
CO,pPC  — — — — —1.15*(0.277)  —1.26*(0.301)  —0.69° (0.273)  —1.60° (0.306)
PRICE 1.39% (0.491) 1.02° (0.452) 0.68 (0.480) 0.86° (0.467) 1.03° (0.526) 0.75 (0.331) 0.63 (0.431) 0.60° (0.365)
CONS —11.04 (7.954) —2.88(10.13) 0.92 (9.969) 3.06 (10.371)  —4.32(3.540) —1.15(3.911) 0.78 (4.097) 2.24 (4.255)

Note: Values in brackets are SEs.
1% level of significance;

5% level of significance;

€10% level of significance.

TABLE 6

(a) Ordinary least squares with robust SE

Results from ordinary least squares with robust SEs and augmented mean group estimator for the developing countries

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8
GDP 0.03* (0.017) 0.02 (0.015) 0.01 (0.014) 0.02* (0.011) — — — —
GDPPC — — — — 0.03*(0.016)  0.03*(0.015) 0.01 (0.01) 0.02 (0.012)
CO, 0.54° (0.030) 0.54° (0.028) —0.37° (0.012) —0.34° (0.018) — — — —
CO,PC — — — — 0.34°(0.035)  0.36°(0.024)  —0.64°(0.020)  —0.46° (0.02)
PRICE 0.21° (0.036) 0.19° (0.032) 0.13° (0.040) 0.11° (0.024) 0.16° (0.029) 0.15° (0.025) 0.11° (0.041) 0.07° (0.019)
CONS 0.66° (0.289) 0.86° (0.260) 2.94° (0.295) 2.69° (0.203) —0.12 (0.125) 0.01 (0.012) 1.96° (0.133) 2.05° (0.093)
(b) Augmented mean group estimator
Model 1 Model 2 Model 3: Model 4 Model 5 Model 6 Model 7 Model 8

GDP 0.54° (0.311) 0.46 (0.316) 0.02 (0.22) 0.17 (0.275) — — — —
GDPPC — — — — 0.65° (0.321) 0.48 (0.267) 0.22 (0.214) 0.25 (0.209)
Co, —0.02 (0.150) —-0.01(0.145)  —0.39°(0.167)  —0.62° (0.138) — — — —
CO,PC — — — — 0.01 (0.150) —0.01(0.151)  —0.34°(0.173)  —0.61° (0.141)
PRICE 0.79" (0.195) 0.72" (0.209) 0.23° (0.085) 0.35° (0.100) 0.53" (0.144) 0.44° (0.126) 0.13° (0.048) 0.24° (0.071)
CONS 12.71% (7.24) —20.87 (7.57) 1.33 (5.703) 201(-6.83) —6.88°(2.418) —5.33°(1.968)  —0.43 (1.76) —1.01 (1.684)

Note: Values in brackets are SEs.

210% level of significance;

1% level of significance;

5% level of significance.

of emissions is negative when RE is proxied with per ~ 3.4.3 | Empirical results: Developing

capita values but it is positive when RE is proxied with countries

absolute values. This is an interesting outcome of how

the choice of proxy matters for the overall conclusion and

policy suggestion.

The results of the estimations for the developing coun-

tries' sample are presented in Table 6. The income
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elasticities of the estimations are positive but not statis-
tically significant in Models 2, 3, and 7 at pooled OLS
and all Models, except 1 and 5 for the AMG estimator.
The coefficients are lower in magnitude than those of
the developed countries. The pooled OLS estimator pro-
vides the same sign and statistical significance for the
CO, emissions parameter with the developed countries
panel: positive for Models 1, 2, 5, and 6, but negative
for the rest. The AMG elasticity for CO, emissions is
negative and statistically significant for models where
the dependent is SPRE and SCRE in aggregate and per
capita (Models 3, 4, 7, and 8). These are the same as the
global sample but somewhat different than developed
countries.

3.5 | Synthesis of results

From the empirical findings, overall, it can be seen that the
coefficients for income and per capita are found to be posi-
tive and statistically significant for 14 out of 16 model spec-
ifications for the global panel, 10 out of 16 model
specifications for the developed countries, and 8 out of
16 model specifications for the developing countries. Such
results show that there is certain robustness in the choice
of the proxy for RE in a panel context as this study. The
magnitude of the income elasticities varies from 0.05 to
1.01 depending on the choice of indicator, where the per
capita models present higher elasticities: showing that an
increase of economic growth by 1%, an increase of RE is
expected between 0.05% and 1%, ceteris paribus. These
results of positive income elasticities agree with studies
such as Sadorsky,'®*® Bruunschweiler,*! Pfeiffer and
Mulder,* Inglesi-Lotz,”” and Eren et al.*” This finding for
the positive impact of economic growth to RE confirms a
priori expectations that as countries get richer tend to
secure financial stability and political willingness to pro-
ceed with energy transition from fossil fuels dominance
toward a bigger role played by renewables. This is con-
firmed in the models presenting income elasticities similar
for indicators of total RE and shares to the supply mix.

On the contrary, the coefficient of CO, emissions varies
in magnitude and direction in the various model specifica-
tions. For the Global panel's OLS estimation, the parame-
ters are found to be positive (emissions are a positive
contributor factor) in Models 1 and 2 (an aggregate form of
indicator) and Models 5 and 6 (per capita form of indicator)
while for the AMG estimator, it is found to be negative and
statistically significant in all model specifications. For the
developed countries panel, using the OLS estimation, all
the per capita model specifications present negative and
statistically significant parameters for emissions; while the
aggregate model specifications present positive parameters

NERGY RESEARCH BAWA R B AL

(statistically significant for Models 1 and 2 and nonsignifi-
cant for Models 3 and 4). The AMG-estimated parameters
are all statistically significant and negative, ceteris paribus.
For the developing countries panel, the OLS-based estima-
tors are found to be positive and statistically significant for
Models 1, 2, 5, and 6, while negative and statistically signif-
icant for Models 3, 4, 7, and 8. All in all, the choice of
econometric technique, choice of aggregate or per capita
indicator, and proxy for RE can affect the resulted parame-
ter/elasticity. Both for aggregate and per capita level, the
findings show that increases in emissions lead to increases
in RE consumption and production, ceteris paribus. How-
ever, the share of RE consumption to total consumption
and production tends to decrease with increases in emis-
sions, ceteris paribus.

The negative carbon emissions parameters agree with
the findings by Shafiei and Salim®® while the positive coef-
ficients with those of Menyah and Wolde-Rufael® and
Apergis et al.”’ The coefficient of oil price is found to be
positive and statistically significant for the vast majority of
the model specifications. The positive sign of the parameter
seems to be robust to changes in the proxy for RE and eco-
nomic growth as well as choosing total or per capita form.
However, the size of the effect of oil prices changes across
between the share and levels; and, between absolute values
and per capita values. The positive sign is in line with
Apergis and Payne*>*® and Bamati and Raoofi."> This sign
is as expected, considering that the countries in our sample
can consider oil and renewable energies as substitute
goods. Last, the proxy choice is important in determining
how large the impact of oil prices on RE deployment.

All in all, the results show that the impact of eco-
nomic growth on RE is found to be consistently positive,
irrespective of the econometric method and indicator
choice. However, the magnitude of the elasticity varies
substantially between the two estimators as well as the
group of countries examined. As expected, the developing
countries present lower-income elasticities: although as
their income increase, the RE increases its role (either in
total or share), the rate is lower due to socioeconomic
constraints and growing from a lower base. Hence, the
first hypothesis of our study that income has a positive
impact on RE deployment is confirmed.

The proxy chosen for RE plays certainly a significant
role in the conclusions made for the impact of carbon
emissions on the various indicators measuring RE
deployment. In the literature review section, it was dis-
cussed that there is no consensus on the direction of the
impact of emissions’ changes to RE deployment. The
results of this study confirm this inconsistency and lack
of robustness: increases in CO, emissions lead to
increases in RE consumption and production in aggre-
gate and per capita level, however, to decreases in the
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share of RE in consumption and production both in total
and per capita level, ceteris paribus. Finally, the coeffi-
cient of oil prices is robustly found to be positive and sta-
tistically significant. This result is as expected due to the
substitutability of oil and RE: higher oil prices lead to
decreases in oil demand and hence, increases in RE. The
choice of the methodological approach might, however,
affect the magnitude of the elasticity.

As a short summary, the output positively and consis-
tently affects RE irrespective of the choice of proxy even
though the impact level changes across proxies and coun-
try groups. Similarly, a positive change in oil prices
increases RE deployment due to the expected substitut-
ability of oil and RE.

4 | CONCLUSION AND POLICY
IMPLICATIONS

Comprehending the determinants of RE deployment has
preoccupied the academic literature as well as
policymakers internationally due to countries' overall
shift away from fossil fuels in their supply mixes. These
factors account for economic and environmental differ-
ences among countries and through the years. To do so,
the literature has made use of a variety of indicators to
quantify RE. Bourcet’ discusses that the effect of the
choice of the proxy for RE is ambiguous and might create
inconsistencies in the policy recommendations from
modeling studies. This study aims at filling this gap in
the literature comparing and contrasting not only the use
of various RE indicators but also for robustness purposes,
using indicators at aggregate and per capita forms and
employing two econometric techniques: pooled OLS with
robust SEs as per Driscoll and Kraay to account for
cross-sectional dependence and the AMG estimator by
Eberhard and Teal.***® An important finding is that the
estimated economic growth impact to RE is consistently
positive, regardless of the choice of proxy or econometric
method—while the only thing that varies is the size of
the elasticity that depends on the sample of countries.
The results are significant from a policy perspective:
designing policies that will promote renewable energies
requires a thorough understanding of the robustness of
modeling approaches and choices of indicators, with which
this study assists. The positive robust income elasticities can
assist the policymakers in ensuring that macroeconomic
policies that promote economic growth and development
will be positive contributors to a future with more renew-
able energies in the supply mix. The elasticities seem to be
higher in the developed countries showing that the impact
of economic growth intensifies as the development level
improves. The inconsistent results for the elasticities of CO,

emissions inform the policymakers that the same change in
emissions levels will have a different effect on the total level
of RE vis-a-vis that share of RE in the total supply mix.
Finally, particularly for countries that are receivers of oil
price information, the robust positive elasticities indicate
that RE becomes more and more a preferred option for con-
sumption and production of energy, once the oil becomes
more expensive; hence, the choice between oil and renew-
able is influenced by the cost of oil in the market.

Last, an important limitation of this study is data
availability. Future research studies may check the deter-
minants of RE using more explanatory variables (ie,
financial development and foreign direct investment),
and may also focus on individual countries and special-
ized country groups, that is, European Union and organi-
zation of economic co-operation and development, using
a number of different proxies. This kind of attempt in the
future can present a more reliable and robust policy-
based outcomes.

SYMBOLS VARIABLES

CO, carbon dioxide emissions

CO,PC per capita carbon dioxide emissions

CRE renewable energy consumption

CREPC  per capita renewable energy consumption

GDP gross domestic product

GDPPC  per capita gross domestic product

PRE renewable energy production

PREPC  per capita renewable energy production

PRICE price of crude oil

SCRE share of renewable energy consumption in
total energy consumption

SCREPC share of per capita renewable energy con-
sumption in per capita total energy
consumption

SPRE share of renewable energy production in total
energy production

SPRECP share of per capita renewable energy produc-

tion in per capita total energy production

SYMBOLS AND PARAMETERS

A vector of independent variables
D dummy variable

i units

k lag order

t time period

y cross-sectional mean

a; deterministic term

& error term
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APPENDIX A.

List of countries
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