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Abstract
Environment-economic growth nexus is one of the main concerns of the researchers in the modern era. Although there are several
studies in this field, discussions are far from being reached a consensus. Themain purpose of this study is to investigate the role of
economic growth, renewable and non-renewable energy consumption, oil prices, and trade openness on CO2 emissions in 25
Organization for Economic Co-operation and Development (OECD) countries over the period 1990–2014. We provide a
comparative panel data evidence using both the first- and second-generation estimation methods. The Fully Modified
Ordinary Least Squares (FMOLS) and Dynamic Ordinary Least Squares (DOLS) estimations indicate that the Environmental
Kuznets Curve (EKC) hypothesis is valid in OECD countries. However, the AugmentedMean Group (AMG) estimator revealed
that the EKC hypothesis is invalid. The AMG estimator is a second-generation estimator and provides robust results under cross-
sectional dependence compared to the first-generation methods; therefore, the EKC hypothesis is invalid. Our additional findings
show that rising renewable energy consumption and oil prices mitigate CO2 emissions while non-renewable energy consumption
increases it according to all estimators. No significant relationship is found between trade openness and CO2 emissions.

Keywords EnvironmentalKuznetsCurve .Renewableenergy .Oilprices .Tradeopenness .Paneldataanalysis .OECDcountries

Introduction

As a result of human actions, especially in the last century, the
planet has faced serious environmental problems such as cli-
mate change and global warming under the growing footprints
on nature. It is claimed that global warming about 2 °C will
lead to long-term and irreversible changes, such as the de-
struction of some ecosystems (Ulucak et al. 2019). With the
increasing awareness that environmental problems threaten
the whole world, steps have been taken to save nature. In order

to reduce human footprints in areas such as forests, water
resources, living diversity, agricultural lands, and food re-
sources, a struggle has been initiated by governments, inter-
national organizations, and civil society at the global and local
levels. In this struggle, one of the important areas where ur-
gent measures should be taken is to reduce energy use based
on fossil resources. The global energy sector is responsible for
the major part of greenhouse gas emissions (World Wildlife
Fund (WWF) 2011). In addition, production in fossil energy
such as oil and gas reserves will fall by 40–60% by 2030
(Energy Information Administration (EIA) 2009). If depen-
dency on fossil fuels continues, oil and gas scarcity would
increase and energy costs would rise further and becomemore
volatile. This will cause us to turn to unusual resources that
harm the environment. The most important way to prevent
both the economic and environmental troubles of fossil energy
is to reduce the share of fossil fuels in economic activities and
to substitute with renewable energy sources (Socolow 1991,
Inglesi-Lotz and Dogan 2018).

Rapid economic growth, increasing population, increasing
living standards, and increasing infrastructure investments
strongly affect world energy consumption (Iram et al. 2019).

Responsible editor: Nicholas Apergis

* Sinan Erdogan
phderdogan@gmail.com

Ilyas Okumus
ilyasokumus@mku.edu.tr

Arif Eser Guzel
arifeserguzel@mku.edu.tr

1 Faculty of Economics and Administrative Sciences, Hatay Mustafa
Kemal University, Antakya, Hatay, Turkey

https://doi.org/10.1007/s11356-020-08520-x

/ Published online: 15 April 2020

Environmental Science and Pollution Research (2020) 27:23655–23663

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-020-08520-x&domain=pdf
mailto:phderdogan@gmail.com


In the last three-decade, rapid industrialization of the countries
has increased world energy demand. In this process, according
to the World Development Indicators database of the World
Bank (2019), the total energy consumption of the world in-
creased by approximately 60%. Eighty-two percent of the
world’s total energy consumption is met by fossil fuels.
OECD countries are responsible for about 38% of the total
global energy consumption by 2014. In OECD countries,
nearly 88% of this energy supply comes from traditional
non-renewable energy sources such as oil, natural gas, and
coal. As a result, CO2 emissions, considered to be responsible
for greenhouse gas emissions, have increased significantly. In
the last three decades, global CO2 emissions have increased
by about 63%, and OECD countries account for one-third of
global carbon emissions. These emissions are seen as the main
source of serious environmental problems such as global
warming and climate change threatening the entire planet
(Jebli et al. 2016). As a result of these global environmental
disasters, countries are imposed on serious political and social
pressure to reduce carbon emissions. In addition, most OECD
countries have signed the Kyoto Protocol, committed to re-
ducing the total of greenhouse gas emissions by 5% below the
1990 level in 2008–2012. Thus, the most important way for
OECD countries to combat and overcome global environmen-
tal problems is to turn to renewable energy sources.
International Energy Agency forecasts that production in fos-
sil energy resources will fall by nearly 50% by 2030. This
situation may lead to some serious problems such as the rise
in oil prices and threatening energy security in OECD coun-
tries accounted for nearly 63% of the global GDP in 2014.
Also, increasing renewables energy resources is the most cru-
cial way to overcome these economic problems.

Reports of World Commission on Environment and
Development (1987) and Club of Rome (Meadows et al.
1972) underline that today’s economic growth is not econom-
ically, socially, and environmentally sustainable. These reports
also highlighted a potential correlation between the current eco-
nomic path and global environmental problems. It is empha-
sized in the Brundtland Report (1987) that economic activities
accounted for 13 trillion US$ world GDP in those years con-
sumed finite natural resources in a dangerous way. According
to World Bank (2019) data, the total GDP of OECD countries
has risen dramatically from 29.27 trillion US dollars (constant
2010 US$) in 1990 to 47.72 trillion US dollars (constant 2010
US$). This level of production, accounting for about 63% of
world production alone, shows that most of the limited re-
sources of the world are used by OECD countries. OECD
economies continued to grow by 2.05% in 2014, still meet a
major proportion of the increasing energy demand from fossil
fuels. The CO2 emission from the combustion of fossil fuels is
the major contributor to environmental problems. Therefore,
the effect of income growth on environmental pollution has
been examined extensively in the literature. One of the most

popular theories examining the economic growth-environment
nexus, called the EKC, claims that there is an inverted U-
shaped relationship between income growth and environmental
degradation. The hypothesis assumes that environmental pollu-
tion increases with the increase of economic growth in the first
phase, and economic growth decreases environmental pollution
after a certain point is based on the assumption that it is caused
by three effects such as scale, composition, and technique ef-
fects (Dinda 2004). The scale effect refers to environmental
degradation resulting from the increase in the size of the eco-
nomic activity without changing its quality. With this increase
in the size of the economic activity, more natural resources will
be used which makes it more harmful to the environment. The
composition effect refers to a positive impact on the environ-
ment as a result of structural changes in the economy along
with economic development. With economic development, en-
vironmental degradations will decrease as production methods
will be transformed from energy-intensive production to
information-intensive production and service sector which is
cleaner than former production methods. The technique effect
refers to the positive impact of new technological progress on
the environment, accompanied by economic development. In
societies with high welfare levels, cleaner production methods
will be needed with increasing social demand for a cleaner
environment. In these countries, the transition to clean technol-
ogy is faster because research and development expenditures
and information-intensive production are higher than in less-
developed countries.

Based on the above reasons, this study aims to examine the
relationship between renewable energy, economic growth,
non-renewable energy, oil prices, trade openness, and the en-
vironment in OECD countries for the period of 1990–2014 in
the context of EKC hypothesis modeling. The main contribu-
tions of this manuscript to the EKC literature are as follows: (i)
to the best of our knowledge, this is the first study to test the
impact of renewable energy consumption, non-renewable en-
ergy consumption, and oil prices on CO2 emission for OECD
countries alongside common variables, (ii) standard panel data
techniques assume cross-section independence; however, this
assumption is hard to satisfy due to high degree of socioeco-
nomic integration among countries; therefore, this work uti-
lizes second-generation econometric approaches assuming
cross-section dependence, (iii) although there are many stud-
ies, using either first- or second-generation panel data
methods, there is a limited number of studies, using both
methods. This study aims to provide a comparative and com-
prehensive empirical contribution to the existing literature.

Literature review

There are several studies investigating the EKC hypothesis
empirically. However, the results obtained from those studies
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vary depending on the method and sample used. Following
the seminal studies of Grossman and Krueger (1991),
Panayotou (1993), and Selden and Song (1994), the EKC
hypothesis was tested in plenty of studies in the literature,
and the different control variables included in the EKCmodels
in order to explain economic growth-environmental pollution
nexus may also lead to vary the results. A summarize of those
studies is given in Table 1.

There are a small number of studies in the literature ana-
lyzing the EKC hypothesis in the OECD sample. Cho et al.
(2014), Dogan and Seker (2016), Bilgili et al. (2016), Jebli
et al. (2016), and Churchill et al. (2018) come with the con-
clusion that the EKC hypothesis is valid in the OECD coun-
tries. Although these results are similar to each other, it is seen
that there are methodological weaknesses in one part of the
studies. Several studies in the EKC literature are based on the
estimations that assume cross-sectional independence.
However, the increase in economic, political, and cultural in-
tegrations among countries today makes the assumption that
there is independence between the cross-sections unrealistic.
The estimations without considering cross-sectional depen-
dency lead to biased and inconsistent results (De Hoyos and
Sarafidis 2006). Such results also may lead to incorrect infer-
ences (Chudik and Pesaran 2013). Moreover, there are two
studies examining the EKC hypothesis in the OECD sample,
using second-generation estimation methods. Dogan and
Seker (2016) examined the role of economic growth, financial
development, trade openness, and energy consumption on
CO2 and concluded that the EKC hypothesis is valid in
OECD countries. Another study that considers cross-
sectional dependency in the OECD sample is proposed by
Churchill et al. (2018) investigating the relationship between
economic growth, energy consumption, trade openness, pop-
ulation, financial development, and CO2. They reported that
the EKC hypothesis is valid. In addition to the existing liter-
ature on the OECD sample, we distinctively include renew-
able and non-renewable energy consumption and oil prices to
our model alongside economic growth and trade openness.
This paper also provides a comparative analysis utilizing both
first- and second-panel data methods.

Data, methodology, and empirical results

Data

Owing to the lack of measurement, the data employed in this
paper range from 1990 to 2014 in 25 OECD countries.
Considering the scale, technique, and composition effects of
the EKC hypothesis, it is important to include the sample
consisting of countries with similar development levels
(Erdogan and Acaravci 2019); accordingly, OECD countries
have been included. Following linear-logarithmic model has

been employed to investigate the existence of the EKC hy-
pothesis and determinants of carbon emission:

CO2it ¼ β0it þ β1itGDP þ β2itGDP
2 þ β3itOILP

þ β4itREN þ β5itNREN þ β6itTRþ εit ð1Þ

where i = 1,2,..25 and t = 1,2,…25, CO2 is carbon emissions
(metric tons per capita), GDP is the real income per capita
(constant 2010 US$), GDP2 is square of GDP, OILP is oil
price (spot crude oil prices on West Texas Intermediate
(WTI)), REN is renewable energy consumption (% of total
final energy consumption), NREN is non-renewable energy
consumption (fossil fuel energy consumption (% of total)),
and TRis trade openness level (trade (% of GDP)). The GDP
and GDP2 are mostly used regressors in existing EKC litera-
ture; thus, they are employed in this paper. Non-renewable
energy consumption is one of the major causes of carbon
emission, and renewable energy consumption is a substitute
energy source of non-renewable one, suggested for
empowering emission abatement policies. In that case, it could
be said that there is a trade-off between renewable energy and
non-renewable energy use. There are two main causes of these
trade-offs: non-renewable energy prices and rising environ-
mental concerns. It could be expected that provided that envi-
ronmental concerns increase, governments are more tends to
promote renewable energy consumption. Moreover, it is ob-
vious that consumers tend to substitute renewable energy with
non-renewable energy while non-renewable energy prices
mounting up (Salim and Rafiq 2012). Thus, it could be said
that trade-off between renewable and non-renewable energy
occurs through price mechanism; hence, the oil price has been
included as a proxy indicator for price mechanism, and trade
openness is used as a control variable. The GDP per capita,
renewable and fossil fuel energy consumption, and trade
openness have been obtained from World Bank (World
Development Indicators), while oil prices have been obtained
from the British Petroleum (2019).

Methodology

It is generally accepted in the empirical literature that ignoring
possible cross-section dependency, which frequently occurs in
panel data analysis, could cause biased estimations and hy-
pothesis tests (Chudik and Pesaran 2013; Erdogan et al. 2020).
Therefore, initial analyses are required before implementing
stationarity and cointegration analysis; therefore, cross-
section dependence (Pesaran et al. 2008) and slope homoge-
neity tests1 (Pesaran and Yamagata 2008) have been
implemented.

1 Due to being widely used and well-known tests in economic literature, those
tests were not introduced one more again.
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It is well known that many of cointegration estimators such
as FMOLS and DOLS are sensitive to the integrational level
of variables. Hence, integrational levels of variables must be
determined before implementing cointegration methods. This
paper has employed Smith et al. (2004) bootstrap-based panel
unit root test in order to determine the stationarity properties of

those variables. Smith et al. propose a unit root for panel data
which performs well for a relatively short time dimension (T)
and tests the null of non-stationarity hypothesis against the
alternative of stationarity. They adopt the methodology of
Im et al. (2003) and consider cross-section dependency by
using the bootstrap methodology. Smith bootstrap unit root

Table 1 Empirical studies

Author(s) Methods Period Sample EKC

Tamazian and Rao (2010) GMM 1993–2004 24 transition economies Valid

Lean and Smyth (2010) Panel DOLS 1980–2006 ASEAN-5 Valid

Jaunky (2011) GMM 1980–2005 36 high-income countries Invalid

Wang (2012) Panel FMOLS 1971–2007 98 countries Invalid

Arouri et al. (2012) CCEMG estimator 1981–2005 12 MENA countries Valid

Ozturk and Acaravci (2013) ARDL 1960–2007 Turkey Valid

Osabuohien et al. (2014) Panel DOLS 1995–2010 50 African countries Valid

Farhani et al. (2014) Panel DOLS and FMOLS 1990–2010 10 MENA countries Valid

Cho et al. (2014) Panel FMOLS 1971–2000 22 OECD countries Valid

Liddle (2015) CCEMG and AMG estimators 1971–2011 80 countries Invalid

Apergis and Ozturk (2015) DOLS, FMOLS, PMGE, and MG 1990–2011 14 Asian countries Valid

Al-Mulali et al. (2015a) Fixed effects and GMM 1980–2008 93 countries in different
income groups

Valid (upper-middle and
high-income groups)

Invalid (lower-middle and
low-income groups)

Al-Mulali et al. (2015b) Panel FMOLS 1980–2010 Latin America and
Caribbean countries

Valid

Baek (2015) Panel DOLS and FMOLS 1980–2009 12 major nuclear-generating
countries

Valid

Shahbaz et al. (2015) Panel Data Analysis 1980–2012 12 Africa countries Valid

Jebli et al. (2015) Panel FMOLS 1980–2010 24 Sub-Saharan African countries Invalid

Apergis (2016) CCEMG estimator 1960–2013 15 countries Valid

Dogan and Seker (2016) DSUR estimator 1975–2011 16 OECD countries Valid

Bilgili et al. (2016) Panel DOLS and FMOLS 1977–2010 17 OECD countries Valid

Shahbaz et al. (2016) ARDL 1971–2012 19 African countries Mixed results

Zhu et al. (2016) Panel quantile regression 1981–2011 ASEAN-5 Invalid

Ahmed et al. (2016) PMG-ARDL 1980–2010 24 European countries Valid

Jebli et al. (2016) Panel DOLS and FMOLS 1980–2010 25 OECD countries Valid

Bakirtas and Cetin (2017) System-GMM 1982–2011 MIKTA countries Invalid

Abid (2017) System-GMM 1990–2011 58 Middle East and African,
41 European countries

Invalid

Acaravci and Akalin (2017) CCEMG estimator 1980–2010 40 high income and 33
upper-middle-income
countries

Valid (high-income group)
Invalid (upper-middle-income

group)

Ulucak and Bilgili (2018) CUP-FM and CUP-BC 1961–2013 46 countries in different
income groups

Valid for all income groups.

Dong et al. (2018) AMG estimator 1970–2016 14 Asia-Pacific countries Valid

Churchill et al. (2018) CCEMG and AMG estimators 1870–2014 20 OECD countries Valid

Pata (2018a, 2018b) ARDL 1971–2014 Turkey Valid

Ozcan et al. (2018) Time-varying causality analysis 1961–2013 Turkey Invalid

Destek et al. (2018) CCEMG estimator 1980–2013 15 EU countries Invalid

Destek and Sarkodie (2019) AMG estimator 1977–2013 11 newly industrialized countries Valid

Sarkodie and Strezov (2019) Driscoll-Kraay method 1982–2016 5 Countries Mixed results

Danish et al. (2020) FMOLS, DOLS 1992–2016 BRICS countries Valid
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approach is greatly based on the initial application of standard
unit root tests to individual panel members; moreover, they

propose five test statics as such as LMs;WSs; ts;Maxs;Mins.

They emphasize that LMs and Mins statics perform weak

compared to other static; whereas Maxs method-modified ver-
sion of Leybourne (1995) relatively performs well; therefore,

Maxs approach has been employed in this study in order to
investigate stationarity properties of series, and could be ob-
tained by the following specification:

Maxs ¼
ffiffiffiffi
N

p
Max−E Maxið Þg

n
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Maxið Þ

p
ð2Þ

Durbin-Hausman (DH) cointegration method developed by
Westerlund (2008) has been implemented to test the long-run
relationship between variables. The DH approach permits to
obtain heterogeneous slope coefficients and considers cross-
section dependence. Moreover, the DH approach employs the
null hypothesis of no cointegration for the whole panel (H0 :
ϕi = 1 for all i) against the alternative hypothesis of cointegration
(Hg

1 : ϕi < 1 ) for at least some i. Besides, the DH approach is
feasible in case of the stationarity of the regressor(s). This meth-
od proposes two statistics that group statistics are estimated un-
der slope heterogeneity, and panel statistics are estimated under
slope homogeneity. The existence of slope heterogeneity re-
quires to use the group statistics instead of panel one, and test
specification could be defined by the following equation:

DHg ¼ ∑
n

i¼1

eSi eϕi−ϕi

� �2
∑
T

t¼2
e2it−1 ð3Þ

In order to estimate long-run parameters, this paper em-
ploys various estimation procedures such as FMOLS,
DOLS, and AMG estimator proposed by Pedroni (2000),
Pedroni (2001), Eberhardt and Bond (2009), Eberhardt and
Teal (2011), respectively. Both of the FMOLS and DOLS
approaches fail to address with cross-section dependence.
The AMG method considers cross-section dependence and
allows to heterogeneity across cross-sections. In that case, it
could be said that the AMG method is able to give country-
specific coefficient estimations. The panel FMOLS estimation
procedure could be implemented asbβGFMOLS ¼ N−1∑N

i¼1βFMOLSi, where βFMOLSi is obtained by
using individual FMOLS estimation of Eq. (1), and related t
ratio could be estimated as tβGFMOLS

¼ N−1=2∑N
i¼1tβFMOLSi

. In
order to estimate long-run coefficients with DOLS, the spec-
ification written in Eq. (1) could be expanded as follows:

CO2it ¼ βlit þ βlitGDPþ β2itGDP
2 þ β3itOILPþ β4itRENþ β5itNRENþ β6itTR

þ∑Ki
k¼−Ki

aiktGDPþ ∑Ki
k¼−Ki

δiktGDP
2 þ ∑Ki

k¼−Ki
γiktOILPþ ∑Ki

k¼−Ki
λiktREN

þ∑Ki
k¼−Ki

θiktNRENþ ∑Ki
k¼−Ki

ψiktTRþ εit

ð4Þ
where Kiand −Ki indicate lags and leads, respectively. Based
on FMOLS specification, the DOLS estimation procedure

could be implemented as bβGDOLS ¼ N−1∑N
i¼1βDOLSi, where

βDOLSi is captured from OLS estimation of Eq. (4) for each
of the cross-sections; moreover, related t ratio could be esti-

mated as tβGDOLS
¼ N−1=2∑N

i¼1tβDOLSi
. TheAMGmethod allows

to have variables, which have different stationarity level, and
address with cross-section dependence. Furthermore, the
AMG approach allows to slope heterogeneity, and the AMG
approach gives robust results under even lack of cointegration
relationship between variables. Ultimately, AMG methods
perform well under possible endogeneity. The first ordered
standard least-squares are containing dummy variables at the
time T − 1 as follows:

ΔCO2it ¼ τΔxit þ ∑T
t¼2ς t ΔDtð Þ þ uit ð5Þ

where Δxit is set of first differenced regressors; ΔDt is first
differenced T-1 period dummies; ςtis coefficients of dummies.
In the second phase of the estimation procedure, estimated ςt
coefficients are replaced with a common dynamic process (φt)
as follows:

ΔCO2it ¼ τΔxit þ di φið Þ þ uit ð6Þ

Ultimately, the general form of parameter estimation pro-
cedure could be introduced asτ1;AMG ¼ N−1∑ ˙I

¼ 1Nτ1;i .

Empirical results

The results in Table 2 shows that the alternative hypothesis of
cross-section dependence is strongly accepted; therefore, it
could be said that possible shock in any of those countries
may affect others. Moreover, the null hypothesis of slope ho-

mogeneity is strongly rejected for both eΔ and eΔadj tests.
After unveiling cross-section dependency and slope

heterogeneity, this paper has employed Smith et al. (2004)
bootstrap-based unit root approach in order to investigate the
stationarity properties of variables. As it is shown in Table 3,
the null hypothesis of unit root is overwhelmingly accepted
for both models with constant and trend and constant in level
except for oil prices, and those variables have been exhibiting
stationary processes in first differenced form. The oil price is
stationary for the model with constant, whereas non-stationary
for the model with trend and constant at the level. On the other
hand, the oil price has become stationary for the model with
trend and constant at its first difference. In that case, it could
be inferred that those variables have a similar integrational
level (I(1)), and any possible shock has a persistent effect on
those variable and those could not revert back its state of
balance without exogenous intervention.

Afterward determining the integrational level of variables,
the DH panel cointegration test has been employed in order to
detect possible cointegration relationships between variables.
DH result (Table 4) indicates that the alternative hypothesis of
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cointegration has strongly accepted; in that case, there exist
long-run relationships among variables.

Even though FMOLS and DOLS do not cope with cross-
section dependence, those methods have widely used in EKC
literature in order to estimate long-run coefficients, and such
an approach may cause suspicion about the consistency of
results and hypothesis tests obtained by means of those.
Therefore, this paper has used FMOLS and DOLS estimators,
additionally with the AMG method to make a comparative
analysis and to discuss existing literature as well. As it is
shown in Table 5, real income per capita has a positive and
statistically significant coefficient, whereas the square of real
income per capita has negative and statistically significant
coefficients in terms of FMOLS and DOLS estimation results.
Those findings strongly indicate that the EKC hypothesis is
valid, and it might be accepted that there exists an inverted U-
shaped relationship between economic growth and environ-
mental degradation in OECD countries in related period of
time. On the contrary, even having consistent parameter signs
with former estimations, real income per capita and its square
of real income per capita are statistically insignificant in AMG
estimations; thus, it could be clearly inferred that the EKC
hypothesis is not valid in related sample and timespan. This
finding is consistent with the results of Liddle (2015), Destek
et al. (2018), and partially Acaravci and Akalin (2017); while
in contrast with the results of Arouri et al. (2012), Apergis
(2016), Dogan and Seker (2016), Ulucak and Bilgili (2018),

Dong et al. (2018), Churchill et al. (2018), and Destek and
Sarkodie (2019).

Furthermore; oil prices have negative and statistically
significant coefficients with different significance levels
in all estimations. Omri and Nguyen (2014) state that an
increase in oil prices will stimulate the economic agents
to reduce their oil consumption levels, and adopt more
eco-friendly consumption behaviors. In that case, any
increase in oil prices reduces the consumption of pollut-
ant resources and causes to substitute with renewable
energy sources, thus contributes to diminishing emis-
sions level. Non-renewable energy consumption has
positive and statistically significant parameters, as ex-
pected, and confirms consensus on literature that the
use of non-renewable energy is one of the main causes
of emission levels. On the other hand, renewable energy
consumption has a negative and statistically significant
parameter in FMOLS and AMG estimations, whereas
negative but statistically insignificant in DOLS estima-
tions. If it is considered that the AMG approach has
good test size and power because of addressing with
cross-section dependence, it will be more rational to
consider AMG findings. Thus, renewable energy con-
sumption promotes to diminish carbon emission levels.
Pata (2018a, b) stated that utilizing renewable energy
sources may be a strategy for reducing environmental
degradation and foreign energy dependency. Moreover,
the widespread use of renewable energy may contribute
to hinder undesirable consequences of oil price volatility
in energy-dependent countries. Bilgili and Ulucak
(2018) emphasized that utilizing renewable energy
sources may be an efficient tool for supporting emission
abatement policies and ensuring environmental sustain-
ability. Ultimately, trade openness has a positive, but
statistically insignificant parameter in all estimation
results.

Table 3 Smith et al. bootstrap unit root test results

Level 1st difference

Constant Trend + constant Constant Trend + constant
Variables Max -stat Max -stat Max -stat Max -stat

CO2 − 0.518 (0.966) − 1.175 (0.987) − 4.294 (0.000) − 4.727 (0.000)

GDP 0.182 (0.991) − 1.276 (0.881) − 3.229 (0.000) − 3.430 (0.001)

GDP2 0.127 (0.988) − 1.300 (0.871) − 3.253 (0.000) − 3.441 (0.001)

OILP − 2.300 (0.003) − 0.921 (0.372) – − 0.845 (0.009)

REN − 0.243 (0.999) − 1.365 (0.961) − 4.497 (0.000) −4.939 (0.000)

NREN − 0.311 (0.996) − 1.673 (0.710) − 4.485 (0.000) − 5.166 (0.000)

TR − 0.856 (0.687) − 2.281 (0.118) − 4.691 (0.000) − 4.684 (0.000)

Maximum lag-length has been determined as k = 2. Probability values have been obtained from 5000 bootstrap replication and shown in parenthesis

Table 2 Cross-section dependency and delta test results

Statistic Statistic p values

LMadj 8.828 0.000eΔ 15.188 0.000eΔadj 18.253 0.000

23660 Environ Sci Pollut Res (2020) 27:23655–23663



Conclusion

In this study, we investigated the role of economic growth,
renewable energy, non-renewable energy, oil prices, and trade
openness on carbon emissions in 25 OECD countries with
annual data in the period from 1990 to 2014. We utilized
different types of estimation methods assuming cross-section
dependence and cross-section independence. According to re-
sults obtained from FMOLS and DOLS estimators that do not
consider dependency between cross-sections, the EKC hy-
pothesis is valid in OECD countries. In addition, rising oil
prices and renewable energy consumption decrease environ-
mental degradation while non-renewable energy consumption
increases. However, no significant relationship was found be-
tween trade openness and CO2 emission. On the other hand,
we performed the AMG estimator allowing cross-section de-
pendence. The results of the AMG estimator show that results
obtained in the case of cross-sectional dependence may vary.

Given the above results, it could be inferred that even the
panel data estimation methods, which do not deal with cross-
section dependence, might give a signal on the sign of param-
eters; however, they may cause biased hypothesis tests. Such a
fact could cause unintended results such as accepting the valid-
ity of the EKC hypothesis instead of invalidity and might be
resulted in irreversible environmental deterioration. In that
case, using the tests performing well under cross-section de-
pendency is vital to hinder biased hypothesis tests and construct
precise policy proposals for sustaining environmental quality.

If it is considered that estimations of panel data without
considering cross-sectional dependency lead to biased and
inconsistent results, it would be wise to consider estimations

obtained by estimation techniques performing well under
cross-sectional dependence. Therefore, in the policy implica-
tions, we consider the results of the AMG estimator. The in-
validity of the EKC hypothesis indicates that argument, as-
suming environmental degradation diminishes after a thresh-
old point of economic growth proposed by Grossman and
Krueger (1991), may not occur, and there is no systematic
and deterministic relationship, and predicted as an inverted
U-shaped, among economic growth and environmental deg-
radation. Therefore, policymakers should not rely on the im-
plications of the EKC hypothesis. Thus, in order to deal with
environmental pollution, more efficient policies such as en-
couraging the use of eco-friendly energy sources should be
made by policymakers. Our results also supporting this idea.
As it was stated in empirical findings, increasing renewable
energy consumption diminishes environmental degradation
whereas non-renewable energy consumption increases it.
Therefore; promoting renewable energy sources such as wind,
solar, wave, and biomass energy will be an effective way to
combat environmental pollution. In addition to its benefits in
the context of environmental quality, it may also reduce pro-
duction costs and may create new job opportunities and con-
tribute to economic growth (Lehr et al. 2012; Bhattacharya
et al. 2016). However, if it is considered that energy consump-
tion is highly correlated with any countries output levels and
as well as economic growth rates (Erdoǧan et al. 2019), policy
makers should also consider the welfare concerns of countries
and show prudent actions.

Furthermore, it is well known that non-renewable energy
sources are scarce. Due to this scarcity, it can be expected that
non-renewable energy prices will increase. This situation may
force countries to substitute non-renewable sources with renew-
able ones. Although this fact may cause an increase in produc-
tion costs, it may lead to better environmental quality as we
found a negative relationship between oil prices and CO2 emis-
sions. The best way to deal with both economic (rising oil price)
and environmental burden (rising greenhouse gases) of using
non-renewable energy sources can also be promoting renew-
able energy production. Therefore, policymakers should design
effective policies to support renewable energy use such as tax
incentives for the renewable energy industry, improving renew-
able energy technologies, feed-in tariffs for energy generation
from renewable energy sources, and subsidies to renewable
energy investments and trading.
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