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Abstract
This research paper examines the causal relationships among carbon dioxide emissions, economic growth, and renewable and
non-renewable energy consumption, for a panel of 68 developing countries over the period 1990 − 2014. We use the multivariate
panel cointegration framework and apply a battery of conventional (Pedroni 1999, 2004; and Kao 1999) as well as newly
developed methodologies accounting for heterogeneity and cross-sectional correlation (Westerlund’s ECM panel cointegration
(2007) and panel bootstrap cointegration (2007) tests). The pooled mean group (PMG), mean group (MG), and dynamic fixed
effects (DFE) methodologies were further applied to trace out the short-run dynamics. The results support evidence of significant
dynamic linkages among the involved variables and reveal possible differences in the magnitude of the impacts from renewable
and non-renewable energy consumption on environmental quality. The issue of distinguishing by source and determining the
magnitude of the detected effects could provide valuable information for a sustainable economic and environmental develop-
ment, substantially helping policy makers to designate more efficient policy measures.

Keywords Renewable energy consumption . Non-renewable energy consumption . Economic growth . Carbon dioxide
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Introduction

In recent years, environmental pollution and climate change
gained particular attention from international institutions and
policy makers, as well as from environmental and energy ex-
perts. Renewable energy sources are widely considered as a
key factor for environmental recovery caused by the world-
wide phenomenon of climate change and are expected to sup-
port the process toward sustainable development in the future
(Kahia et al. 2017). The International Energy Outlook (2017)
predicts that over the period 2015 – 2040, renewable energy
will prove the fastest-growing source of electricity generation,
rising by an average of 2.8% per year, and that in 2040, re-
newable sources will provide a share of the world’s electricity
generation comparable to that of coal, which is estimated at

31%. However, although renewable energy is considered the
future source of energy, fossil fuels are expected to retain a
large share of energy demand.

Bearing in mind the growing share of renewable energy
consumption and its expected contribution to energy in the
future, it becomes apparent why the distinction between re-
newable and non-renewable energy sources lies and probably
will remain at the center of energy policies and certainly in the
empirical research agenda. Although the relationship between
energy consumption and economic growth has been thor-
oughly investigated in the past, only in the last few years has
renewable energy consumption found its role in the relevant
empirical literature (Apergis and Payne 2012).

So far, the empirical literature primarily focused on inves-
tigating causal effects within a bivariate econometric frame-
work. Based on bivariate interactions, empirical studies have
provided mixed results regarding the long-run impacts and the
direction of the causality, particularly for the economic
growth–energy consumption nexus (Hamit-Haggar 2016;
Kula 2013; Apergis and Danuletiu 2014; Acaravci and
Ozturk 2010; Menegaki 2011) and the economic growth–
environmental degradation nexus (Magazzino 2017; Zoundi
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2017; Apergis and Ozturk 2015; Apergis and Payne 2009). It
is only recently that a new strand of research has been devel-
oped, aiming at examining causal relationships within a mul-
tivariate framework and attempting to assess the impacts of
energy consumption discriminating by source: that is, be-
tween non-renewable and renewable energy (Zrelli 2016;
Dogan and Seker 2016; Zoundi 2017; Ito 2017).

However, the overall evidence remains inconclusive. Some
empirical studies support that there is a negative causal effect
running from renewable energy consumption to CO2 emis-
sions (Bekun et al. 2019; Jebli et al. 2020). On the other hand,
a positive causal effect running from renewable energy con-
sumption to CO2 emissions is also reported (Thai-Ha Le et al.
2020). These mixed results might be attributed to the use of
different groups of countries, such asMediterranean countries,
the European Union, and African countries, in addition to the
different time periods and alternative econometric approaches
(GMM, DOLS, PMG) used to capture possible causal effects.
The above differentiations could probably justify the reports
of mixed results and the consequent debate on the dynamic
linkages among energy consumption, carbon dioxide emis-
sions, and economic growth.

Consequently, this empirical effort contributes to the
existing environment–energy–growth literature in four ways.
First, it assesses the empirical link between economic growth,
disaggregated by source of energy consumption (i.e., renew-
able and non-renewable), and environmental quality within a
multivariate framework. This specific issue actually refers to
the study of possible long-run causal impacts along with the
direction of causality, which has not been extensively inves-
tigated. By distinguishing the effects of renewable and non-
renewable energy consumption on environmental quality, we
are able to assess the impacts of energy consumption by the
source which is very important for policy designation.
Second, given that 63% of annual carbon emissions is pro-
duced by developing countries, as reported by the Center for
Global Development, this empirical effort attempts to provide
a better and clearer insight by using an extended data set
comprising 68 developing countries. Moreover, this paper
adds to the debate by implementing newly developed panel
econometric techniques to produce robust and reliable esti-
mates accounting for heterogeneity among the cross-sections.
The applied panel cointegration test accounts for interdepen-
dence between cross-sections with different individual effects.
For the robustness of our results, the present study uses
Westerlund’s (2007) bootstrap test of panel cointegration to
account for possible correlation between and within each one
of the cross-sectional units. Besides, the pooled mean group
(PMG) estimator provides heterogeneous, country-by-coun-
try, short-run coefficients and restricts the long-run coeffi-
cients as homogeneous across countries. Lastly, this effort
contributes to the relevant empirical literature by setting under
investigation the group of developing countries, since, for this

particular group, there is a lack of relevant empirical re-
searches, and more importantly, they are expected to follow
a growth path in the future accompanied by a parallel increase
in energy demand.

Our empirical results provide evidence of a long-run, pos-
itive, bi-directional, and causal relationship between econom-
ic growth and CO2 emissions, as well as a positive, unidirec-
tional causality running from renewable energy consumption
to environmental quality. Non-renewable energy consumption
appears to have a negative impact on environmental quality.
More importantly, renewable and non-renewable energy con-
sumption were both found to cause significant positive effects
of equal magnitude on economic growth, which is an issue of
special attention for policy makers. In the short run, we find
evidence of causal effects running from CO2 emissions to
economic growth, while the impacts from both types of ener-
gy consumption on environmental quality are not significant.
Our findings are of great importance for the tasks involved in
economic policy making since they reveal that the joint goal
of economic growth and environmental protection is probably
feasible under appropriate reorientation and designation of the
undertaken relevant policies.

The rest of the paper is structured as follows: “Review of
the literature” provides a literature review of the energy
consumption–economic growth–environmental quality nex-
us. “Methodological issues” provides a brief description of
the employed econometric tools, while “Data and empirical
results” reports on the construction and sources of the exam-
ined data sample and the findings from the empirical analysis.
“Conclusions and policy implications” concludes the
discussion.

Review of the literature

The relevant empirical literature can be distinguished in the
following three categories: the relationship between economic
growth and energy consumption, the relationship between en-
ergy consumption and environmental degradation, and finally,
the relationship between economic growth and environmental
degradation.

The economic growth–energy consumption nexus

The first strand of the literature is related to the economic
growth–energy consumption nexus. Several empirical studies
have been carried out during the last 30 years (Mutascu 2016;
Dogan 2015; Dogan and Seker 2016; Farhani 2013), produc-
ing mixed empirical findings (Zrelli 2016). Four main hypoth-
eses have been developed and examined in the literature ac-
cording to the direction of the causal effects between econom-
ic growth and energy use, i.e., the growth, conservation, feed-
back, and neutrality hypotheses.
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According to the growth hypothesis, energy consumption
has a causal impact on economic growth. The hypothesis is
valid when the empirical findings suggest that there is a uni-
directional causality running from energy consumption to eco-
nomic growth (Hamit-Haggar 2016). There are several empir-
ical studies supporting the growth hypothesis. Inglesi-Lotz
(2016) provided evidence in favor of the growth hypothesis
for OECD countries, while Destek and Aslan (2017) provided
the same evidence for 16 emerging economies. Moreover,
Bowden and Payne (2010) used annual data from 1949 to
2006 for the USA and applied the Toda-Yamamoto causality
method, providing evidence in favor of the growth hypothesis.
The same evidence has been provided by Tiwari et al. (2015)
by using annual data from 1971 to 2011 for 12 Sub-Saharan
African countries.

By contrast, the conservation hypothesis asserts that eco-
nomic growth affects energy consumption and holds if the
one-way causality runs from economic growth to energy con-
sumption (Kula 2013). The conservation hypothesis implies
that energy policies focusing on the reduction of energy con-
sumption will have no negative effect on economic growth.
Aneja et al. (2017) used annual data for BRICS over the pe-
riod 1990–2012 and applied the panel error correction model-
ing approach, finding evidence in favor of the conservation
hypothesis.

The feedback hypothesis was supported when there is a bi-
directional causal effect between energy consumption and
economic growth (Apergis and Danuletiu 2014). There are
also several studies providing evidence in favor of the feed-
back hypothesis for different time periods and different econ-
omies; in any case, the energy conservation policies designed
to limit energy consumption will not have a negative impact
on economic growth (Apergis and Payne 2011; Tugcu et al.
2012; Salim et al. 2014; Kahia et al. 2017; Aydin 2019).

Finally, according to the neutrality hypothesis, there is a
lack of any causal relationship between energy consumption
and economic growth. In this case, energy conservation poli-
cies will not affect economic growth (Payne 2009; Acaravci
and Ozturk 2010; Menegaki 2011; Bhattacharya et al. 2016;
Tuna and Tuna 2019).

The energy consumption–environmental quality
nexus

The second strand of the literature is related to the energy
consumption-environmental quality nexus. Several empir-
ical studies concerning the relationship between energy
consumption and environmental quality support the exis-
tence of a one-way causality running from energy use to
environmental quality (Arouri et al. 2012; Omri 2013). If
this is the case, a conservation energy policy may have a
positive effect on the environment. The impact of energy
consumption on environmental quality depends on the type

of energy. For example, Shafiei and Salim (2014) argued
that renewable energy consumption decreases CO2 emis-
sions, while non-renewable energy consumption increases
them. Furthermore, Jebli et al. (2016) supported that in the
long run, non-renewable energy consumption increases
CO2 emissions. Moreover, Asumadu-Sarkodie and
Owusu (2017) proved that non-renewable energy
consumption and industrialization may negatively affect
environmental quality. Saboori et al. (2017) also provided
evidence in favor of a positive causal effect running from
oil consumption to CO2 emissions. Bhat (2018) argued in
favor of a positive causal effect from non-renewable ener-
gy consumption to CO2 emissions as well as of a negative
one running from renewable energy consumption to CO2

emissions. Farhani and Shahbaz (2014) concluded with an
interesting finding: They proved that an increase in renew-
able energy consumption may lead to accelerated environ-
mental degradation by increasing CO2 emissions. Khan
and Hou (2021a) used FMOLS for 38 IEA countries for
the period 1995–2018, supporting that energy consump-
tion degrades environmental quality. Khan et al. (2021)
used annual data for the USA over the period 1971–
2016; using GMM, they found that non-renewable energy
consumption may lead to a decrease in environmental
quality.

The economic growth–environmental quality nexus

The third strand of the literature investigates the dynamic link-
ages between economic growth and environmental quality by
testing the validity of the so-called Environmental Kuznets
Curve (EKC − ) hypothesis. Kuznets (1955) proposed a qua-
dratic relationship between economic growth and environ-
mental pollution; more specifically, he supported that there
is an inverted “U”-shape relationship between real income
per capita and environmental pollution. Despite the large
number of empirical studies providing evidence in favor of
the EKC hypothesis (Waqih et al. 2019; Pao and Chen 2019;
Kiliç and Balan 2018; Tjoek and Wu 2018; Magazzino 2017;
Zoundi 2017; Apergis and Ozturk 2015; Apergis and Payne
2009), the overall empirical evidence still provides rather
mixed results. There is a group of empirical studies providing
evidence in favor of a “U”-shape relationship between real
income per capita and environmental degradation (Xu et al.
2020; Destek and Sinha 2020). There are also several studies
which have found a monotonic increase of environmental pol-
lution, while the real income per capita increases (Gui et al.
2019; Gorus and Aslan 2019; Ozcan et al. 2018). Finally,
there is another group of empirical researches which rejects
the EKC hypothesis by providing evidence in favor of an “N”-
shape relationship between real income and environmental
pollution (Allard et al. 2018; Halkos and Polemis 2017;
Kang et al. 2016).
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The economic growth–environmental quality–energy
consumption nexus

Recently, a group of studies simultaneously examined the
dynamic relationships among CO2 emissions, renewable and
non-renewable energy consumption, and economic growth.
More specifically, Zrelli (2016) investigated the causal link-
ages between renewable and non-renewable energy consump-
tion and economic growth, for a group of 14 Mediterranean
countries over the period 1980 – 2011. The results of the gen-
eralized method of moment (GMM) dynamic model and the
panel vector error correction model (VECM) they used sup-
port feedback between economic growth and renewable and
non-renewable energy consumption in the short run and one-
way causality, running from renewable energy consumption
to economic growth in the long-run. Dogan and Seker (2016)
investigated the impacts of renewable and non-renewable en-
ergy consumption, real income, and trade openness on CO2

emissions, in the EKCmodel for the European Union over the
period 1980 − 2012. The results of the dynamic ordinary least
square (DOLS) estimator suggested that renewable energy
consumption and trade have a negative impact on CO2 emis-
sions, while non-renewable energy consumption has a posi-
tive effect on environmental quality, and the existence of the
EKCwas supported. The results of the Dumitrescu and Hurlin
(2012) panel causality test supported a two-way causality be-
tween renewable energy consumption and CO2 emissions and
a one-way causality running from CO2 emissions to non-
renewable energy consumption, from trade openness to CO2

emissions, from real income to CO2 emissions, and from real
income to non-renewable energy consumption. Using pooled
mean group models, Zoundi (2017) provided evidence that
the EKC is not completely confirmed for the case of 25 select-
ed African countries over the period 1980 − 2012. More spe-
cifically, the findings suggest that the EKC hypothesis is con-
firmed in the short run, while renewable energy consumption
has a negative effect on CO2 emissions with an increasing
impact in the long-run. Ito (2017) empirically investigated
the link between CO2 emissions, economic growth, and re-
newable and non-renewable energy consumption for a group
of 42 developing countries over the period 2002 − 2011. The
results of the GMM and the PMG methodologies suggested
that non-renewable energy consumption has a negative long-
run impact on economic growth, whereas renewable energy
consumption has a positive effect on economic growth in the
long-run. In addition, renewable energy consumption was
found to be negatively related to CO2 emissions.

Mbarek et al. (2018) used panel VECM to examine four
Mediterranean countries and found evidence in favor of a bi-
directional causal effect between renewable energy consump-
tion and economic growth, and a one-way causal effect run-
ning from CO2 emissions to renewable energy consumption.
Chen et al. (2019) used VECM for China and supported the

existence of a one-way causal effect running from economic
growth and CO2 emissions to renewable energy consumption.
In addition, Inglesi-Lotz and Dogan (2018) used Dumitrescu-
Hurlin causality (Dumitrescu and Hurlin 2012) for Sub-
Saharan African countries and provided evidence in favor of
a two-way causal relationship between economic growth and
environmental degradation, and a one-way causal effect run-
ning from CO2 emissions to renewable energy consumption.
Using annual data from 1980 to 2015 for the USA, Khan and
Hou (2021b) showed that economic growth and capital
formation may limit environmental quality, while renewable
energy consumption improves it. They also provided evidence
in favor of the ECK hypothesis. Using annual data from 1995
to 2018 for 30 IEA countries, Khan and Hou (2021c) proved
that renewable energy consumption may lead to a decrease of
CO2 emissions and that there is a bi-directional positive cau-
sality between CO2 emissions and economic growth.

Based on these mixed results, this study aims to fill the gap
in the literature by examining both the economic and environ-
mental impacts of renewable and non-renewable energy
sources, by employing second-generation panel data methods
to consider cross-sectional dependence among 68 developing
countries.

Methodological issues

Cross-sectional dependence and panel unit root tests

Cross-sectional dependencemay lead to forecasting errors and
unreliable results. The existence of cross-sectional depen-
dence is examined using Pesaran’s CD-test (Pesaran 2004).
Actually, Pesaran (2004) proposed the following test to exam-
ine for cross-sectional dependence:

CD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2T
N N−1ð Þ

s

∑
N−1

i¼1
∑
N

j¼iþ1
bρij

 !

∼N 0; 1ð Þ

ð1Þ

where T is the panel’s time dimension, N is the panel’s
cross-sectional dimension, and bρij is the fitted values of the

pairwise correlation of the residuals.
Conventional first-generation unit root tests lose power if a

strong and positive residual cross-sectional dependence exists.
To overcome this issue, Pesaran (2007) proposed the cross-
sectional augmented Dickey-Fuller (CADF) and the cross-
sectional augmented Im, Pesaran, Shin (CIPS) unit root tests.

The CADF test extends the standard DF or ADF regres-
sions by adding lagged cross-sectional means of the individual
units and first differences. This test is based on the following
regression:
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Δyit ¼ ai þ biyi;t−1 þ ciyt−1 þ ∑
p

j¼0
dijΔyt− j þ ∑

p

j¼0
f ijΔyt− j

þ uit ð2Þ

where ai is the constant term, yi;t−1 is the one lag value of

the cross-sectional mean of yi, t, and Δyt are the first differ-
ences of yt. The optimal number of lags, p in Eq. (2), can be
chosen according to the order of serial correlation in the error
term (Pesaran 2007). For the present study, the optimal lag
length was chosen based on the Schwarz Information
Criterion (SIC). The CIPS test is estimated by the average of
individual CADF statistics of the i-th cross-sectional units:

CIPS ¼ 1
N

� �
∑
N

t¼1
CADFi (3)

The null hypothesis, in both the CADF and CIPS tests,
supports a homogeneous unit root across all individuals within
a panel, whereas the alternative supports that there is at least
one stationary individual in the panel.

Panel cointegration tests

Pedroni cointegration test

The Pedroni (1999, 2004) heterogeneous panel cointegration
test allows for cross-section interdependence with different
individual effects. In the first step of this procedure, the fol-
lowing relationship is estimated:

Y i;t ¼ ai;t þ δit þ ∑
m

j¼1
λjiX i;t þ ei;t ð4Þ

where i = 1,…, N refers to the cross-sections (countries) in
the panel and t = 1, …, T refers to the time period, while
coefficients ai, t and δi allow for country-specific fixed effects
and deterministic trends, respectively. Deviations from the
long-run equilibrium relationship are represented by the esti-
mated residuals, ei, t. In the next step, the following unit root
test on the residuals is applied to test the null hypothesis of no
cointegration:

ei;t ¼ ρiei;t−1 þ wi;t ð5Þ

A result of ρi = 1 supports the null hypothesis of
cointegration among the involved variables. Pedroni (1999,
2004) also develops asymptotic and finite-sample properties
of the test statistics to examine the null hypothesis of no-
cointegration in the panel. The slope coefficients λi are also
permitted to vary by individual, so that in general, the
cointegrating vectors may be heterogeneous across members
of the panel. The tests allow for heterogeneity among individ-
ual members of the panel, including heterogeneity in both the

long-run cointegrating vectors and in the dynamics, since
there is no reason to believe that all parameters are the same
across countries. Two types of tests are suggested by Pedroni
(1999). The first type is based on the within-dimension ap-
proach and includes four statistics. They are the panel v-sta-
tistic, the panel rho-statistic, the panel PP-statistic, and the
panel ADF-statistic. These statistics pool the autoregressive
coefficients across different members for the unit root tests
on the estimated residuals.

The second test by Pedroni (1999) is based on the between-
dimension approach, which includes three statistics. They are
the group rho-statistic, the group PP-statistic, and the group
ADF-statistic. These statistics are based on estimators that
simply average the individually estimated coefficients for
each member. All seven tests are distributed as standard nor-
mal asymptotic distributions. This requires standardization
based on the moments of the underlying Brownian motion
function.

Kao cointegration test

The Kao cointegration test (1999) estimates the homogeneous
cointegration relationship through pooled regression allowing
for individual fixed effects. Kao (1999) proposed an ADF
panel cointegration test where the vectors of cointegration
are homogeneous. Let us considerbei;t as the estimated residual
obtained from the following equation:

Y i;t ¼ ai þ βX i;t þ ei;t ð6Þ

for all t = 1, …, T and i = 1, …, N, where ai and β are the
parameters of the model. The ADF test is obtained by estimat-
ing the following regression:

ei;t ¼ λei;t−1 þ ∑
p

j¼1
pjΔbei;t− j þ vi;t ð7Þ

where λ is chosen so that the residuals vi, t are serially
uncorrelated assuming the null hypothesis of no-
cointegration.

ECM panel cointegration test

Westerlund (2007) proposed a panel cointegration model
(ECM) which is based on structural dynamics, in contrast to
other residual–dynamics–based approaches. Westerlund pro-
posed four basic panel cointegration tests under the null hy-
pothesis of no cointegration (Gt,Ga, Pt, Pa) that offer p-
values which are robust against cross-sectional dependencies
using bootstrap methods. The ECM is given by the following
form:
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ΔY i;t ¼ δ
0
ιdt þ aiY i;t−1 þ λ

0
iX i;t−1 þ ∑

j¼1

pi

ai; jΔΥι;t− j

þ ∑
j¼−qi

pi

γi; jX i;t− j þ ei;t ð8Þ

where dt represents the deterministic component and ai
determines the speed of adjustment to equilibrium after an
unpredicted shock.

Bootstrap panel cointegration tests

Westerlund and Edgerton (2007) proposed a bootstrap test of
panel cointegration under the null hypothesis of cointegration,
using the Lagrange multiplier test of McCoskey and Kao
(1998). This test accounts for possible correlation, both within
and between the cross-sections, and can significantly reduce
the distortions of the applied asymptotic test.

Long-run and short-run parameters estimation

The PMG estimator of Pesaran, Shin, and Smith (Pesaran et al.
1999) is an alternative to the autoregressive distributed lag
(ARDL) cointegration approach for panel settings, which al-
lows the intercepts, short-run coefficients, and cointegrating
terms to differ across cross-sections.

Specifically, the PMG model can be written as:

ΔY i;t ¼ φiECi;t þ ∑
q−1

j¼0
ΔΧ i;t− j0βi; j þ ∑

p−1

j¼1
λi; j*ΔY i;t− j

þ ϵi;t ð9Þ

where

ECi;t ¼ Y i;t−1−X i;t0 θ ð10Þ

The PMG allows heterogeneous, country-by-country,
short-run coefficients and homogeneous long-run coefficients
across countries. However, a consistent ARDLmodel requires
absence of autocorrelation in the residuals of the error correc-
tion model. Besides, the independent corresponding variables
can be considered exogenous. When both T and N are large,
we are allowed to use the dynamic panel technique to avoid
bias in the average estimators and possible heterogeneity.

In cases where we have pooled time series data for each
cross-section and the intercepts are allowed to vary across the
cross-section units, the fixed effect (FE) model could be used.
The FE approach may produce inconsistent and potentially
misleading results when the slope coefficients are not
identical. On the other hand, Pesaran and Smith (1995) pro-
posed the mean group (MG) estimator, which could be fitted
separately for each group and a simple arithmetic mean of the
coefficients could be calculated. Individual regressions for

each unit are estimated and the panel coefficients are calculat-
ed as unweighted means of the estimated coefficients for the
individual cross-section units. Evidently, all coefficients can
differ and be heterogeneous in both the long-run and short-run
time horizon. The MG approach requires a large number of
cross-section units N (more than 20) and a large number of
time periods T, since with small N, the averageMG estimators
are quite sensitive to outliers and small model permutations
(Favarra 2003).

Finally, with the dynamic fixed effects estimator (DFE),
we obtain equal long-run slope coefficients and error vari-
ances across cross-section units. The short-run coefficients
are equal across panel units too, while the intercepts can be
country-specific. Baltagi et al. (2000) pointed out that with
small data samples, the DFE model suffers from an
endogeneity problem between the error term and the lagged
dependent variable.

Data and empirical results

Our data source from the World Bank Database and comprise
annual observations for 68 developing countries covering the
period 1990 to 2014 (see Table 10 in Appendix A). This
period is selected according to its full data set availability.
The selection of the specific group of developing countries
followed the relevant classification suggested by three inter-
national organizations, i.e., the International Monetary Fund
(IMF), United Nations (UN), and World Bank (WB). More
specifically, the obtained data series are the gross domestic
product (GDP) per capita as a proxy of economic growth,
the carbon dioxide (CO2) emissions per capita as an indicator
of environmental degradation, the fossil fuel energy consump-
tion (FFEC), and the renewable energy consumption (REEC).
A description of the collected data is presented in Table 1.

For the needs of the present study, GDP and CO2 were
used in logarithmic form, denoted by LGDP and LCO2, re-
spectively. Furthermore, the square of the logged GDP per
capita (LGDPSQ) was calculated to account for a possible
EKC type relation.

The first step in the empirical analysis examines the inte-
gration properties of the involved series. However, if a strong,
positive, and significant cross-sectional dependence among
residuals exists, the conventional estimation methods may
provide inconsistent and unreliable results (Kapetanios et al.
2011). Consequently, we first apply a cross-sectional indepen-
dence test, proposed by Pesaran (2004), in order to examine
for a possible existence of cross-sectional dependence. The
results are presented in Table 2.

Table 2 provides strong evidence in favor of the existence
of residual cross-sectional dependence since the null hypoth-
esis is rejected at the 5% level of significance; hence, we
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proceed by applying two second-generation panel unit root
tests which account for cross-sectional dependence.

In fact, we employ the CADF and the CIPS (Pesaran 2007)
which are robust to the presence of dependence among cross-
sections. The results in Table 3 support the existence of a unit
root for all the involved variables in the levels but with sta-
tionarity in the first differences at the 1% level of significance.
Thus, we can accept that all variables could be characterized
as integrated of order one, I(1).

Note 1: Panel unit-root tests use intercept and time trend; the
optimal lag length is chosen by SBC up to a maximum of two
lags

Note 2: The critical values calculated for CIPS are −2.52,
−2.58, and −2.69 for the 10%, 5%, and 1% levels of signifi-
cance, respectively

Testing for possible cointegration, we firstly apply two
conventional cointegration tests: the Pedroni (1999, 2004)
heterogeneous panel cointegration test which allows for inter-
dependence among cross-sections with different individual
effects, and the Kao (1999) cointegration test which is an
ADF panel cointegration test with homogeneous vectors of
cointegration. Therefore, the Kao cointegration test (1999)
estimates the homogeneous cointegration relationship using
pooled regression, allowing for individual fixed effects. The
results are reported in Table 4.

According to the results of the Pedroni cointegration test,
we observe that four out of the seven statistics reject the null
hypothesis of no cointegration. Following the evidence ob-
tained from the majority of the above statistics, we could ac-
cept the existence of cointegration. It has to be mentioned that
the Panel ADF, as well as the Group ADF statistic, which
clearly support the existence of cointegration, may be

considered more valid than the remaining statistics, especially
in small samples (Lee and Chang 2008).

The last finding is further supported by the result of the
KAO cointegration test which strongly rejects the null hypoth-
esis of no cointegration. To check for the robustness of our
previous finding, we further apply two more recent economet-
ric tests: the error correction panel cointegration, and the panel
bootstrap cointegration approaches, as suggested by
Westerlund (2007).

The first cointegration test which is based on error correc-
tion models tests for cointegration by examining whether the
individual panel units are error-correcting or not. This test is
flexible and allows for the heterogeneous specification of the
long-run and short-run terms of the error correction model,
which can be considered data-driven. The obtained results
can be shown in Table 5.

The results support the existence of cointegration among
the involved variables since three out of four statistics are
found to be statistically significant at the 5% level of
significance.

The second test which is implemented in order to confirm
the existence of cointegration is Westerlund’s bootstrap
cointegration test (Westerlund 2007). The existence of cross-
sectional correlations may negatively affect the robustness of
common cointegration tests. Using a bootstrap methodology,
the results are free of cross-sectional dependencies and they
can be considered valid. The results of the bootstrap test are
reported in Table 6.

Table 1 Data description

Abbreviation Variable Description

GDP Gross domestic product per capita In constant 2010 US$

CO2 Carbon dioxide emissions per capita In metric tons

FFEC Fossil fuel energy consumption As a percentage of total energy consumption

REEC Renewable energy consumption As a percentage of total energy consumption

Table 2 Pesaran’s cross-sectional independence test

LGDP LGDPSQ LCO2 REEC FFEC

CD-test 163.79 160.74 44.15 21.23 11.26

p-value 0.000 0.000 0.000 0.000 0.000

Note: The CD-test is applied under the null hypothesis of cross-sectional
independence

Table 3 Second-generation panel unit root tests

Levels First differences

Variable CADF (p-value) CIPS CADF (p-value) CIPS

LGDP −2.068
(0.986)

−2.301 −2.710
(0.000)

−3.900

LGDPSQ −2.068
(0.984)

−2.219 −2.687
(0.000)

−3.857

LCO2 −2.330
(0.990)

−2.508 −2.587
(0.005)

−4.894

REEC −1.783
(1.000)

−2.243 −2.521
(0.009)

−4.619

FFEC −1.752
(1.000)

−2.245 −3.609
(0.000)

−4.571
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With the aim of determining the long and possible short-
run causal effects from different energy sources on economic
growth and environmental quality, we estimate the PMG, the
MG, and the DFE models and compare their efficiency using
Hausman’s test (Hausman 1978). The results of Hausman’s
test are presented in Table 7.

As can be observed in Table 6, the PMGmodel is found to
fit better to our dataset; hence, we base our inference on this
specification. The long-run coefficients and the error correc-
tion term of the examined models are presented in Table 8.

The results reported above reveal a long-run causal effect
running from the independent variables to the dependent ones;
these are supported by the estimated error correction terms
which are negative and statistically significant. More specifi-
cally, there is a positive long-run causal effect running from
LGDP and FFEC to LCO2, and a negative long-run causal
effect running from REEC to LCO2. Since the coefficient of
LGDPSQ is found statistically insignificant (p-value=0.325),
the EKC hypothesis is not supported. From the same table, we
further observe that there is a positive long-run causal effect
running from LCO2, FFEC, and REEC to LGDP. It is also
important to mention that in the model with LGDP as the

dependent variable, the coefficients of the REEC and FFEC
variables reveal impacts of equal magnitude on the LGDP.

The last step of our analysis concerns the detection of pos-
sible short-run causal effects among the included variables.
The findings are presented in Table 9.

In Table 8, it is observed that the only significant short-run
causal effect is running from LCO2 to LGDP. Weak short-run
causal effects are detected running from LGDP and from
LGDPSQ to LCO2.

Conclusions and policy implications

This paper examined the dynamic linkages among carbon
dioxide emissions, economic growth, and renewable and
non-renewable energy consumption for a panel of 68 devel-
oping countries over the period 1990 − 2014. For this reason,
complementary to conventional methodologies, we applied
newly developed bootstrap tests of panel cointegration to es-
tablish the presence of cointegration and subsequently to pro-
duce robust and reliable estimates allowing for heterogeneity
across developing countries.

Our results revealed the existence of a positive bi-
directional causal relationship between economic growth
and carbon dioxide emissions, as well as significant causal
effects running from renewable and non-renewable energy
sources to environmental quality. These effects have opposite
signs, indicating the importance of distinguishing the different
impacts of renewable and non-renewable energy consumption
on environmental quality.

Our findings can be summarized as follows: In the long-run
horizon, the PMG model results provided evidence of a pos-
itive long-run causal effect running from both economic
growth and non-renewable energy consumption to environ-
mental quality and a negative long-run causal effect running
from renewable energy consumption to environmental

Table 4 Pedroni and KAO Cointegration tests

Panel test statistics Group mean panel test statistics

Pedroni cointegration test

Panel v −4.418
(1.000)

Group rho 5.000
(1.000)

Panel rho 1.991
(0.976)

Group PP −17.034
(0.000)

Panel PP −11.281
(0.000)

Group ADF −8.398
(0.000)

Panel ADF −8.084
(0.000)

KAO cointegration test

t-statistic p-value Result

−6.729 0.000 Cointegration

Note: Numbers in parentheses denote probability values

Table 5 Westerlund’s ECM panel cointegration test

Statistic Statistic value
(Robust p-value)

Result

Gt −2.580
(0.008)

Cointegration

Ga −6.699
(0.043)

Cointegration

Pt −16.180
(0.008)

Cointegration

Pa −6.742
(0.108)

No cointegration

Note: Null hypothesis: no cointegration

Table 6 Westerlund’s panel bootstrap cointegration test

Statistic Statistic value
(Bootstrapped p-value)

Result

LM 30.010
(0.701)

Cointegration

Note: Null hypothesis: cointegration; the test was applied with 10.000
bootstraps

Table 7 Hausman’s test

Null hypothesis Alternative hypothesis p-value Result/suggestion

PMG MG 0.942 PMG

DFE MG 1.000 DFE

PMG DFE 1.000 PMG
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quality. The existence of the EKC is not supported.
Furthermore, renewable and non-renewable energy sources,
as well as carbon dioxide emissions, were found to cause
positive impacts on economic growth. Our evidence is in line
with the findings of Ito (2017) for a group of 42 developing
countries, with regard to the positive effect of renewable en-
ergy consumption on economic growth, and the negative
effect on CO2 emissions. The above negative causal
relationship is also in agreement with the results of Dogan
and Seker (2016) and Zoundi (2017) for the European
Union and for a group of 25 selected African countries,
respectively.

Regarding the short-run time horizon, a causal relation-
ship was found running from carbon dioxide emissions to
economic growth, while weak causal effects were detected
running from the opposite direction. Moreover, a lack of
significant short-run causal effects from both the consid-
ered energy sources on environmental quality has also
been confirmed.

Regarding the policy implications, the findings of our
research clearly indicate that there is a negative causal re-
lationship running from renewable energy consumption to
CO2 emissions. Consequently, the reduction of non-
renewable energy consumption is the rational solution to
ensure environmental sustainability. However, especially
for emerging countries, this solution can be detrimental
for their economic growth (Destek and Aslan 2017). The
above assumptions lead to the sensible conclusion that
when developing countries are designating their energy
and environmental policies, they should lay emphasis on
increasing renewable energy consumption despite the eco-
nomic consequences.

Hence, the policy makers of developing countries have
the difficult task of proceeding to a fair and much needed
balance between economic growth and sustainability

policies. More specifically, the empirical evidence shows
that increased economic activity may lead to an increase of
CO2 emissions. Nevertheless, at the expense of economic
growth, the competent authorities such as energy commis-
sions and governmental agencies are expected to achieve a
growing share of renewable energy to accomplish lower
levels of CO2 emissions.

However, the obtained findings point towards an opti-
mistic direction without the absolute condemnation of the
possibility of economic growth. More specifically, accord-
ing to the above-mentioned findings, the estimated long-
run coefficients of renewable and non-renewable energy
consumption are of the same magnitude, albeit with oppo-
site signs. Hence, it is arguable that the policies designed to
provide incentives for increasing renewable energy con-
sumption might have a dual simultaneous positive out-
come: on the one hand, environmental degradation will
inevitably be reduced; on the other hand, the negative ef-
fects on economic development will be avoided. All in all,
a win–win situation is a viable possibility so long as de-
veloping countries decide to modify the energy consump-
tion mix in favor of renewable energy sources.

The aforementioned conclusion is supported by Apergis
and Ozturk (2015), who reaffirm that economic growth is
not necessarily sacrificed on the altar of the adoption of envi-
ronmental degradation measures.

Taking into consideration that both energy consumption
sources have been found to be growth friendly, a critical
question that arises concerns the options of developing
countries with no or limited access to the market of renew-
able energy. Obviously, in such cases, the adoption and
development of environmentally–friendly policies, in com-
bination with the enactment of mechanisms which increase
the use of renewable energy sources, is the best possible
solution.

Table 8 Long-run coefficients and error correction term from PMG

Dependent variable Independent variables ARDL model Long-run coefficients
(p-value)

Error correction term
(p-value)

Result

LCO2 LGDP, LGPDSQ, FFEC, REEC (1,1,1,1,1) 0.918
(0.009)

−0.021
(0.325)

0.012
(0.000)

−0.012
(0.000)

−0.479
(0.000)

Long-run causality

LGDP LCO2, FFEC, REEC (1,1,1,1) 0.048
(0.002)

0.010
(0.000)

0.010
(0.000)

− −0.228
(0.000)

Long-run causality

Table 9 Short-run causalities

Dependent variable Independent variables Short-run effects
(p-value)

Result

LCO2 LGDP, LGPDSQ, FFEC, REEC (0.095) (0.085) (0.328) (0.322) No short-run causality

LGDP LCO2, FFEC, REEC (0.001) (0.382) (0.348) − Short-run causality
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