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Abstract

Energy is regarded as an engine of economic growth and an important ingredient of human survival and development, but it
can lead to deterioration of environmental quality. The study investigates the energy environmental Kuznets curve (EEKC)
during the 1990-2017 period for 144 countries using models for total energy, renewable energy, and non-renewable energy
consumptions. We employ panel mean and quantile regressions, accounting for individual and distributional heterogeneities.
It is found that the EEKC sustains among the higher middle-income countries while it cannot be verified at some lower-
income quantiles due to the heterogeneous nature of the different groups of countries. The relationship between economic
growth, total energy, and non-renewable energy consumption is positive and non-linear. The quantile estimations revealed
mixed (positive and non-linear, inverted U-shape, U-shape, and N-shape) EEKC. The maximum and minimum turning values
of GDP per capita for total energy consumption (is 43,201.58 and 89,630.49), for renewable energy consumption (53,535.07
and 89,869.41), and for non-renewable energy consumption (42,188.16 and 89,487.71). Urbanization and population growth
had positive impacts on energy consumption while these effects become more significant as moving from low to high-income
quantiles. The study implies that while the developed nations can adopt energy-efficient policies without compromising on
the growth momentum and environment, this might be not recommended for the developing nations and it would be prefer-
able for these countries to “grow first and clean up later.” The study indicates the importance of the developed nations to
support the developing countries to achieve economic growth along the EEKC by transferring energy-efficient technologies.
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Introduction

Currently, human life is facing great challenge due to mod-
ern infrastructure development and rapid environmental deg-
radation (Aguila 2020). Massive greenhouse gases (GHGs)
Responsible Editor: Roula Inglesi-Lotz are emitted in the environment because of economic growth
fueled by fossil fuel consumption that warms the atmosphere
(Toma et al. 2020). According to Abeydeera et al. (2019),
GHG production is the main factor behind CO2 emissions.
Burning of excessive fossil fuels produce CO2 emissions in
abundance leading to rise in Earth’s temperature and unex-
pected variations in climate. In the future, unclean energy
resources will influence power and energy policies (Khan
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policymakers to resort to environmentally friendly energy
sources.

Environmental Kuznets curve (EKC) is the most cel-
ebrated tool to investigate the relationship between eco-
nomic expansion and environmental quality. Although this
hypothesis explains a critical sustainable development issue,
it draws a huge amount of criticism from academics and
researchers. However, despite considerable criticism, EKC
has not lost its curious attraction and fascination showing
its undeniable survival power (Husnain et al. 2021). The
well-known debate on EKC that started in the early 1990s
is still alive (Harbaugh et al. 2002) and continues to haunt
researchers and academics while explaining the link between
environment and economic growth. It establishes an inverted
U-shaped relationship between pollution and income, that is,
“a certain inevitability of environmental degradation along
a country’s development path at an earlier stage of develop-
ment, and a significant improvement at a later stage, both
because of economic growth” (Panayotou 1993). Thus, itis a
useful indicator to understand whether an increase in income
and wealth ameliorates ecological footprint and environmen-
tal pressure (Miler 2013).

Global sustainability is closely linked to the current
debate on the relationship between environmental degrada-
tion and income per capita. Extensive empirical literature
exists on EKC and a substantial portion of these studies
focus on knowing the causal relationship between GHG
emissions and economic expansion (Abdullah et al. 2017;
Ansari et al. 2020; Zhang, 2021). Over the last few decades,
the world has seen unprecedented economic growth that has
affected the environment to a considerable level. The fast
economic growth requires large amounts of energy to sup-
port rapid industrial growth. This can threaten the sustain-
able development of the economy and worsen the environ-
mental quality (Adom and Kwakwa 2014).

For all economies, the maximization of economic growth
is fundamental. However, it raises concerns because of its
close association with environmental degradation explained
by the so called EKC (Ansari et al. 2020) which suggests
growth performance automatically resolves environmental
issues. Some studies state the non-applicability of EKC to
poor countries that are uncertain to find the level of devel-
opment where the environment starts improving because of
economic growth. Poor countries often compromise their
environmental standards in search of much-needed eco-
nomic growth achieved through foreign direct investment
and international competitiveness (Asict and Acar 2016).
Due to lower prices of inputs and environmental regula-
tions in developing nations, developed countries shift their
polluting industries to low-income economies leading to a
phenomenon called “Pollution Haven Hypothesis” (Cope-
land and Taylor 1994). Empirical evidence suggests that
economic activities expand because of increase in energy
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consumption (Hongxing et al. 2021), in turn, environmen-
tal quality deteriorates due to energy led carbon emissions
(Musah et al. 2021). Environment and natural resources
deplete as a result of increased production, in the process
of economic expansion, which uses more energy. People
change their consumption behavior from low emission
products to high emission products including air condition-
ers and automobiles in the periods of prosperity, thereby
increasing the emissions level in the atmosphere (Musah
et al. 2021). However, if the renewable energy has high share
in the energy mix, it is not necessary that increased energy
use may worsen carbon emission (Hossain 2011).

Rising environmental and health concerns associated
with CO2 emissions require the adoption of clean energy
methods to fulfill energy demands to reduce global warming
(Lau et al. 2019). Renewable energy sources are regarded as
potential factors that can mitigate emissions (Dogan et al.
2021; Baek 2016). From an investment standpoint, renew-
able energy has been acknowledged as more profitable with
immense market potential. A transition towards renewables
ensures energy security, alleviates poverty, and stimulates
economic growth by promoting cleaner production and
reducing ever-increasing CO2 emissions (Ulucak 2020).
Renewables shield environmental pressure and reduce for-
eign dependency. Hence, renewables can effectively help
validate energy security and improve environmental quality
(Lugman et al. 2019). Thus, unfolding the role of renew-
able energy at different stages of development is crucial to
devising effective policies to mitigate environmental issues
without compromising economic growth.

The energy-growth nexus in the context of EKC is a less
studied area (Luzzati and Orsini 2009) which is equally
important as the environment-growth relationship. The tradi-
tional empirical literature on the subject is mainly concerned
with the identification of the causal relationship between
energy consumption and economic growth and overlooks
the possibility of a quadratic association between the vari-
ables (Asafu-Adjaye 2000). However, due to the realization
of pressure that energy consumption may exert on the envi-
ronment while achieving sustainable development, in the
recent past, the trend has changed and this relationship is
being studied under the EKC hypothesis (Suri and Chap-
man 1998). Most of the energy use comes from fossil fuel
that emits a large amount of GHGs in the environment and
raises concerns about the sustainability of the environment.
A handful of studies can be found that have examined the
energy environmental Kuznets curve (EEKC) for a country
as well as for specific regions. For example, Pablo-Romero
and De Jests 2016 test the hypothesis for Latin America.
Aruga (2019) examines this relationship for Asia—Pacific
countries but to the best of our understanding, no study
has tested the EEKC hypothesis by considering the role of
income for the whole world.
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The EKC between energy consumption and economic
development commonly known as energy-EKC has also
been investigated in some of the past studies. In the countries
where nonrenewable energy is intensively used, the EEKC
is more relevant (Mahmood et al. 2021). Accelerated energy
consumption is an outcome of increasing economic growth,
hence it seems logical to comprehensively assess the effect
of different phasis of economic growth on energy use with
the help of cubic EEKC hypothesis. In empirical literature,
usually the EEKC has been tested considering a quadratic
association between economic growth and energy consump-
tion, hence testing of the EEKC using cubic terms at global
level is warranted. Therefore, this study uses quantile panel
regression model to test EEKC in a global perspective using
both quadratic and cubic relationship of energy variable and
economic growth.

Controlling for population increase and urbanization is
critical due to their closeness with environment. Popula-
tion increase can affect carbon emissions. Numerous stud-
ies have found the positive association between population
increase and carbon emissions (Wang et al. 2013). Likewise,
Li et al. (2021) mention that increase in population does not
attract energy efficiency initiatives thus leading to further
increase in carbon emissions. As a result of economic expan-
sion, people move from rural areas to urban areas to enjoy
high living standard including access to quality education,
improved sanitation conditions, and advanced infrastructure.
This increased influx of people towards major commercial
centers is linked to abiotic deterioration of the environment
that includes forest, sea, soil, and air quality (Li et al. 2021).
The demand for construction, production, and transporta-
tion arises as a result of strong economic trend that may
damage the environment by using massive amounts of non-
renewable energy.

The contribution of this study is manyfold. First, for a
better interpretation of the findings, a glance is placed at
the patterns of countries grouped according to income level
instead of grouping them according to their geographi-
cal location. Second, investigating the EEKC hypothesis
globally is particularly interesting as it contains countries
experiencing a different level of economic development
(low, middle, high-income). The study result is expected
to provide strong inputs in the public policy domain on the
environment and sustainable energy. If the EEKC holds in a
group of countries, it would mark the start of an era where
energy consumption starts declining with economic growth.
This will reveal that energy consumption in such a group of
countries does not increase and cause no environmental deg-
radation (Aruga 2019). However, if the hypothesis of EEKC
is denied for a particular group of countries, it would imply
the non-existence of a turning point for energy consumption.
In this case, it will suggest that economic growth will inten-
sify environmental pressure through an increase in energy

consumption implying the importance of adopting energy-
saving technology in the particular group of economies to
reduce its environmental impact.

Thirdly, this study divides total energy consumption into
renewable energy and non-renewable energy consumption
and thus estimates EEKC for both types of energy to better
understanding the relationship between energy consump-
tion and economic growth. Especially the role of renewable
energy is important from developing countries’ standpoints
because of its high infrastructure cost (Iram et al. 2020).
Furthermore, to avoid ever-deteriorating ecological foot-
print and economic troubles caused by traditional sources
of energy in developing nations, it is important to substitute
fossil fuel in economic activities with renewable energy
sources (Inglesi-Lotz and Dogan 2018).

The fourth contribution is methodological since we apply
quantile regression to understand the role of different income
levels in determining the EEKC hypothesis. Mean value esti-
mators obtained from panel models can lead to misleading
results. The quantile regressions enable us to evaluate the
dependent variable at various points of its condition distribu-
tion and highlight the comprehensive scenario of the nexus
among the variables (Cade and Noon 2003). The motiva-
tion behind applying the quantile regression approach is to
identify the heterogeneous nature of various income groups
and changing market conditions. Hiibler (2017) stated that
the quantile regressions address outliers effectively com-
pared to methods based on the mean. Therefore, the quantile
regression is an interesting method to analyze the EEKC
hypothesis as it allows the estimation of different slopes for
different quantiles.

Finally, this analysis tests this hypothesis both for renew-
able and non-renewable energy consumption to better
understand the implications of this relationship by intro-
ducing some control variables like urbanization and popu-
lation growth. Such determinants of energy consumption
have often been ignored in previous empirical studies, and
hence, makes our findings more reliable and consistent for
the policy framework.

Literature review

In energy literature, how economic growth impacts energy
consumption has been the subject of ever-extending debate
(Csereklyei and Stern 2015) and hence produced volumi-
nous literature on the subject (Ara¢ and Hasanov 2014;
Pablo-Romero and De Jests 2016). However, the majority
of these studies does not investigate this nexus in the frame-
work of the EKC hypothesis. The first study that tested the
EKC hypothesis concerning energy consumption was car-
ried out by (Suri and Chapman 1998). Before this study,
energy-related pollutants were more common to represent
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environmental quality and many of the empirical studies
tested EKC without energy consumption data. Pablo-Romero
and De Jests (2016) used data for 22 Latin American and
Caribbean countries over the 1990-2011 period on energy
consumption and per capita gross value added and found no
support in favor of EEKC for this region. Raza et al. (2020)
employed data from next-11 and BRICS countries for the
period 1990-2015 to test the residential energy EKC and
reported cointegration between all the variables (economic
growth, financial development, and energy consumption) in
the long run. Furthermore, residential energy consumption
has negative impact on environmental quality. To examine
the existence of the EEKC hypothesis, Luzzati and Orsini
(2009) used data for 113 economies period covering from
1971 to 2001 and reported the non-existence of any inverted-
U-shaped association between GDP and energy consump-
tion. Using panel quantile regression approach, Awan et al.
(2022a) provide fresh evidence regarding the nexus between
global energy efficiency and CO2 emissions by using data
from 107 countries for the period 1996-2014 and conclude
that energy efficiency significantly reduces CO2 emissions.
Furthermore, inverted U-shaped nexus between GDP and
CO2 was observed validating the EKC. Using data for 188
countries ranging from 1993 to 2010, Chen et al. (2016)
investigated the link between energy consumption, economic
growth, and CO2 emissions, and pointed out that there does
not exist an inverted-U shaped association between eco-
nomic growth and energy consumption. By using differ-
ent energy proxies such as renewable and non-renewable
energy, natural gas consumption, and oil and cool consump-
tion, Mahmood et al. (2021) investigated the energy-EKC
for Egypt using data from 1965 to 2019 and confirm the
existence of long run energy-EKC hypothesis.

Aruga (2019) tested the EEKC using yearly data for 19
Asia—Pacific countries for the period 1984-2014 and pointed
out that an inverted U-shaped relationship between energy
consumption and economic growth exists for the whole
region. However, this relationship does not hold for lower-
middle-income countries. Using data from 8 rounds of HIES
spanning 1998-2019, Awan et al. (2022b) investigated the
energy poverty trends and predictor of energy poverty in
Pakistan and point out that during the last two decades, there
has been increase in energy poverty despite significant eco-
nomic progress. They found female-headed families, less
education, and households with a low endowment as major
predictor of energy poverty. Bilgili et al. (2022) used EKC
to examine the environment-gender nexus for the panel of 36
countries and confirm the existence of an inverted U-shaped
EKC. Furthermore, they reported that male and female labor
participation differently impacts the environment especially
in the agriculture sector. Kocoglu et al. (2021) used quantile
regression technique and threshold analysis to study the non-
linearity between urbanization and CO2 emissions for 15
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emerging economies for the period 1995-2015. Their find-
ings revealed that an inverted U-shaped relationship exists
between urbanization and CO2 emissions. Haider et al.
(2022) used the ARDL bounds testing method to study the
relationship between nitrous oxide emissions and economic
growth in Canada, controlling for exports and agriculture
land use, for the period of 1970-2020. Their findings con-
firmed the existence of EKC both for total N2O emissions
and agricultural induce N20 emissions.

Our reading of the literature led us to group these studies
into three main strands. The first strand of studies is mainly
concerned about the important role of economic growth as
the determinant of energy consumption (Jiang and Ji 2016;
Song and Zheng 2012) assuming that energy intensity and
economic growth are linearly associated. It is known that
energy intensity declines in anticipation to increases in per
capita income due to improvements in energy efficiency
(Mahmood and Ahmad 2018). However, it is asserted that
energy intensity escalates when the income level rises in a
country (Sineviciene et al. 2017).

The second strand of literature focuses on the conver-
gence hypothesis across countries. Two types of conver-
gences are considered: beta convergence and sigma conver-
gence (Deichmann et al. 2018). In beta-convergence, it is
identified whether energy intensity in less efficient countries
decreases faster than those of more efficient whereas sigma
convergence deals with the decreasing size of energy inten-
sity across countries. The convergence hypothesis is sup-
ported by the majority of empirical studies (Hajko 2014;
Kiran 2013) but different factors like economic structural
breaks (Karimu et al. 2017), sector of the economy (Jiang
et al. 2018), size of data set and geographical difference
(Liddle 2010), and types of estimates (Hajko 2014) can
influence this result. For example, no evidence of conver-
gence hypothesis found in Africa, Caribbean, and Latin
American countries while in Eurasian and OECD economies
convergence hypothesis exists. Working on the data of 97
countries for the period 1971-2003, Le Pen and Sévi (2010)
showed the absence of global convergence hypothesis with
weak support of local convergence.

The third thread of literature is related to validating the
EKC called EEKC in the context of energy consumption.
The EEKC postulates the inverted U-shaped relationship
between energy consumption and economic expansion which
is backed by many empirical studies (Jakob et al. 2012).
However, like the EKC, the EEKC is not based on solid
grounds, and results obtained from the empirical literature
are vulnerable to variable selection and level of economic
development. For example, it is found that in Germany,
energy intensity inverted U-shaped curve reduces when the
variable trade is included in the model (Kander et al. 2017).
Some authors opine that the bell shape relationship between
energy consumption and economic growth does not reflect
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the reality (Lescaroux 2011). Several factors like variable
choice, initial conditions, and the use of energy-efficient
technology determine the shape of the energy-growth rela-
tionship. Likewise, energy prices and inclusion/exclusion of
energy used for trade can potentially impact the shape and
nature of this association (Kander et al. 2017; Richmond
and Kaufmann 2006). On the other hand, many empirical
studies could not validate the EEKC hypothesis (Luzzati
and Orsini 2009; Csereklyei and Stern 2015). In addition to
the well-known U-shaped link, a handful of studies identify
an S-shaped relationship between energy intensity and eco-
nomic growth (Smil 2003; van Benthem 2015).

The worldwide economic expansion has created mil-
lions of jobs and increased access to wide variety of food
especially in the developing economies (Luo and Tung
2007). Energy sector is the backbone of the development
in market expansion, globalization, and industrialization.
The world energy consumption has far reaching repercus-
sions for the socioeconomic development to society (Bil-
gen, 2014). However, urbanization based on enhanced
energy consumption is polluting the environment and
increase in population is also responsible for the degrada-
tion of environmental quality. Sheng et al. (2017) stated
that urbanization consumes massive amounts of energy
and negatively affect environmental quality. According to
Dogan and Inglesi-Lotz (2020), urbanization is a prominent
determinant of CO2 emissions and causes environmental
variation while Pata (2018) stated that urbanization causes
CO2 emissions through increased economic growth and
financial development. Furthermore, residential and indus-
trial sectors energy demand increases because of urbaniza-
tion (Lee et al. 2018). Robalino-Lépez et al. (2015) dem-
onstrate that growth in population can lead to increase in
CO2 emissions. Therefore, this study includes urbanization
and population growth as control variables in the model.

The short-lived survey of the empirical literature reveals
many weaknesses of the existing literature. Firstly, the
majority of the studies focus on a single country or a group
of countries (Aruga 2019; Inglesi-Lotz and Dogan 2018)
but global evidence is needed for intensive analysis of the
EEKC hypothesis and sound policy framework. Secondly,
mixed findings emerge from all three strands of literature
that necessitate global evidence on the EEKC hypothesis.
Based on the aforementioned reasons, this work can be dis-
tinguished from the previous studies in the following way: (i)
for the first time, this study provides a worldwide perspec-
tive of EEKC by considering the level of development in
each group of countries, (ii) cross-sectional dependence is
common among countries because of a high degree of socio-
economic integration (Dogan et al. 2020) which standard
panel data techniques cannot account for. We utilize second-
generation panel data techniques that assume cross-section

dependence, (iii) although there are country-specific and
region-specific studies that investigate EEKC for renew-
able or non-renewable energy, this study used both types of
energy to validate EEKC worldwide.

Data and methodology

This study used secondary time series data collected from
well-known international institutions. The sampled countries
were stratified and selected based on their income level clas-
sified by the World Bank (see Table 1). Due to the unavail-
ability of data, all countries are not included in the sample.
We included 20 countries from lower-income countries
(LICs), 41 countries from lower middle-income countries,
38 countries from higher middle-income countries, and 45
countries from higher income countries.

Model specification, estimation technique,
and procedures

This study has estimated three different models to exam-
ine the EEKC. The first model used total energy con-
sumption as a dependent variable, while in the second
and third models, renewable energy consumption and
non-renewable energy consumption are taken as depend-
ent variables respectively. The motivation behind com-
paring the three models is when we focus solely on total
energy consumption, we may miss some countries that
consume more renewable and non-renewable energies.
For instance, from Europe, only Germany (ninth) is
found in the top ten total energy consumers (Enerdata
2021). However, we can find that Germany, UK, Spain,
France, and Italy, among the top ten renewable energy
consumers (Statista 2021).

Three models are specified as follows:

ECON = f(GDPPC,GDPPC*, GDPPC’, URBAN,POP) (1)
RECON = f(GDPPC,GDPPC*, GDPPC®, URBAN,POP)  (2)

NRECON = f(GDPPC,GDPPC?, GDPPC®, URBAN, POP)  (3)

ECON, RECON, and NRECON represent total energy
consumption, renewable energy consumption, and nonre-
newable energy consumption respectively. GDP is the per
capita income, URBAN is urbanization, and POP is popula-
tion growth. The choice of control variables, urbanization,
and population growth is based on the existing empiri-
cal literature. For instance, the most recent studies used
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Table 1 Variables, measurement, data sources, and sampled countries

Variable Definition and measurement Data sources
ECON Total energy consumption measured (quad Btu) the U.S. Energy Information Administra-
RECON Renewable energy consumption (quad Btu) tion—International Energy Statistics
NRECON Non-renewable energy consumption (quad Btu) is the sum of coal, natural database
gas and petroleum, and other liquids energy consumption
GDPPC GDP per capita (constant 2010 US$) WDI
GDPPC? GDP per capita (constant 2010 US$) square
GDPPC? GDP per capita (constant 2010 US$) cubic
URBAN Urbanization measured as urban population growth (annual %)
POP Population growth (annual %)

Sampled countries

Low-income countries (LICs): Burkina Faso, Burundi, Central African Republic, Chad, Congo, Dem. Rep, Ethiopia, Gambia, The, Guinea,
Guinea-Bissau, Madagascar, Malawi, Mali, Mozambique, Niger, Rwanda, Sierra Leone, Sudan, Togo, Uganda, and Yemen, Rep

Low-middle-income countries (LMICs): Angola, Algeria, Bangladesh, Belize, Benin, Bhutan, Bolivia, Cameroon, Comoros, Congo, Rep., Cote
d'Ivoire, Egypt, Arab Rep., El Salvador, Ghana, Haiti, Honduras, India, Indonesia, Iran, Kenya, Kiribati, Lao PDR, Lesotho, Mauritania, Micro-
nesia, Fed. Sts., Morocco, Myanmar (Burma), Nepal, Nicaragua, Nigeria, Pakistan, Papua New Guinea, Philippines, Senegal, Sri Lanka, Tanza-
nia, Tunisia, Vanuatu, Vietnam, Zambia, and Zimbabwe

High middle-income countries (HMICs): Albania, Argentina, Botswana, Brazil, Bulgaria, China, Colombia, Costa Rica, Cuba, Dominica,
Dominican Republic, Equatorial Guinea, Ecuador, Fiji, Gabon, Grenada, Guatemala, Guyana, Islamic Rep., Iraq, Jamaica, Jordan, Lebanon,
Malaysia, Mauritius, Mexico, Namibia, Panama, Paraguay, Peru, Romania, Samoa, South Africa, St. Lucia, St. Vincent and the Grenadines,
Suriname, Thailand, Tonga, and Turkey

High-income countries (HICs): Antigua and Barbuda, Australia, Austria, Bahamas, The, Bahrain, Barbados, Belgium, Bermuda, Brunei Darus-
salam, Canada, Chile, Cyprus, Denmark, Finland, France, Greece, Greenland, Hong Kong SAR. China, Iceland, Ireland, Israel, Italy, Japan,
Korea, Rep., Luxembourg, Malta, Netherlands, New Zealand, Norway, Oman, Poland, Portugal, Puerto Rico, Saudi Arabia, Seychelles, Singa-

pore, Spain, St. Kitts, and Nevis, Sweden, Switzerland, Trinidad and Tobago, United Arab Emirates, UK, USA, and Uruguay

urbanization (Liu and Peng 2018; Maneejuk et al. 2020;
Sultana et al. 2021; Topcu and Girgin 2016; Wang and Yang
2019) and population growth (Begum et al. 2015; Chaurasia
2020; Nepal and Paija 2019; Vo 2021).

Cross-sectional dependence

The first step in panel data estimation is to examine the
presence of cross-sectional dependence (CD) (Xiaoman
et al. 2021, as CD is a common and serious issue in panel
data settings and, if not appropriately addressed, may
yield unreliable and biased estimates (Pesaran 2007). The
CD may emerge from grouping the countries into panels
based on income levels that demonstrate cross-sectional
dependence. In literature, the four widely used tests of
CD are the Pesaran CD test, the Pesaran LM test, the
Breusch-Pagan LM test, and Free’s CD test. To deal with
the issue in the framework of apparently discrete regres-
sion models, the LM static test of Breusch and Pangan
(1980) is valid only for infinite T and fixed N. Biasness
of LM test statistic gets worse with large N and also
not suitable for finite T (De Hoyos and Sarafidis 2006).
Thus, to validate cross-sectional dependence between
the panel units, this study employs panel CSD (cross-
sectional dependence) tests of Frees (1995) and Pesaran
(2007).

@ Springer

Unit root test

After applying the CD test, the order of integration is tested.
Two types of panel unit root tests, first-generation and sec-
ond-generation, can determine the order of integration of a
series (stationarity property of variables). First-generation
unit root tests such as LLC (Westerlund 2007) and IPS (Im
et al. 2003) are not suitable to estimate stationarity among
the series (Dogan et al. 2020) in the presence of CD. Con-
sequently, we use cross-sectionally augmented Im-Pesaran-
Shin (CIPS) unit root tests (Pesaran 2007) as it is capable
of taking account of both heterogeneity and cross-sectional
dependence with the null of no stationarity in case of all the
panel units within the panel against at least one stationary
panel unit as an alternative hypothesis. Pesaran unit root test
based on truncated CADF statistics (i.e., ;(NV, T)) is given as:

1 N
CIPS = & ¥ i(N.T) @

Panel estimation/cointegration

Engle-Granger-based cointegration tests (e.g., Kao 1999;
Pedroni 1999, 2004) and Fisher-type (Choi 2001) are useful
when there is no CD. The main advantage of the Pedroni
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residual-based test relative to the others is that it accounts
for heterogeneity by using specific parameters (Demissew
Beyene and Kotosz 2020). However, the most common panel
cointegration tests when there is CD are (Groen and Kleiber-
gen 2003; Westerlund and Edgerton 2007) Durbin-Hausman
test (Gengenbach et al. 2016; Persyn and Westerlund 2008)
and Banerjee and Carrion-i-Silvestre (2017) cointegration
test. The current study uses the Westerlund panel cointegra-
tion test (Westerlund 2007) to examine the cointegration of
total energy, renewable energy, and nonrenewable energy
consumptions with the explanatory variables. This technique
is divided into the group (Gt and Ga) and panel (Pt and Pa)
statistics: the Gt and Ga statistics test whether cointegra-
tion exists for at least one individual series and the Pt and
Pa statistics pool information over all the individual series
to test whether cointegration exists for the panel as a whole
(Persyn and Westerlund 2008).

FMOLS, DOLS, fixed effect

The current study employs FMOLS, DOLS, and FE models.
The selection of these different models was motivated by
the result of cointegration tests. Besides, these models have
their unique differential characteristics. For instance, both
FMOLS and DOLS take care of small sample and endoge-
neity bias. Furthermore, they use the white heteroskedastic
standard errors. This study also considered both the para-
metric and non-parametric tests by employing FMOLS and
DOLS, respectively. Unlike FMOLS and DOLS, the FE is
a static model and capable of taking account of panel cross-
section with a varying intercept based on the introduction of
dummy for FE in the framework, while in the random effects
framework, the intercept is supposed to be a random variable
(Akbar et al. 2011).

Based on the general panel FMOLS equations of Pedroni
(2001), our FMOLS model is specified as:

ENERGY,, =a; + 8,1 + p;GDPPC;, + f,, GDPPC?
5
+ By;GDPPC;, + By, URBAN, + B5;POP;, + p;, ©)
where iandt represent the ith country in #th time period, t is
a linear time trend, f;; — fs; are long-run coefficients, and
H;, 18 the error term.

Quantile regression

Due to cointegration results, this study employs FMOLS,
DOLS, FE, and quantile regressions to estimate the data set.
According to Cade and Noon (2003), findings and policy
implications derived from panel mean regressions may lead
to spurious results; however, quantile regressions provide a
more complete picture of the relationships of the variables.
Besides, panel quantile regression captures the heterogeneity

of different income groups and market conditions (Allard
et al. 2018). Therefore, this study employs a panel quantile
approach along with panel mean regression.

Therefore, to further evaluate the validity of depend-
ence pattern and cointegration among the studied variables
derived from FMOLS, DOLS, and FE, we employ the PQR
(panel quantile regression) framework (Cheng et al. 2018).
Following Sheng et al. (2017) and Wu and Lin (2022), we
included URBAN and POP in the same model, which may
lead to multicollinearity problems. However, we examined
the presence of multicollinearity and found none. PQR is
characterized for its differential characteristic of taking
account of marginal influence throughout the distribution
(Kaza 2010), i.e., taking account of outliers affecting speci-
fied percentiles of the distribution. Other econometric frame-
works focus on the average influence, which in general over-
estimate/underestimate or cannot detect the true dependence
(Binder and Coad 2011). The PQR offers more in-depth and
thorough dependence between the series across the restricted
distribution (Zhang et al. 2015).

Results and discussion
Panel model estimation results

As stated in the methodological section, we apply panel
unit root tests to determine the order of each series which is
important to identify estimation techniques. To decide which
type of unit root and cointegration tests are more appro-
priate, it is mandatory to test the CD. The CD test Frees
(1995) confirms cross-sectional dependence in the errors.!
Therefore, this study employed the second-generation unit
root tests called the CIPS test (Pesaran 2007). The results
show that the target variables are stationary at a 1% level of
significance at the first difference I(1) for all countries, LICs,
LMICs, and HMICs.?

After determining the variables’ order of integration, test-
ing for cointegrations is the next step in panel data econo-
metrics. Among the existing cointegration tests that allow
CD, this study employed the Westerlund panel cointegra-
tion test (Westerlund 2007). The rationale for using these
cointegration tests (Westerlund and Edgerton 2007) is that
most panel cointegration tests have failed to reject the null
hypothesis of no cointegration due to failure of common-fac-
tor restriction (Banerjee and Carrion-i-Silvestre 2017). How-
ever, the Westerlund (2007) test does not require any com-
mon factor restriction (Abdullah et al. 2017) and allows for
a large degree of heterogeneity. Besides, all target variables

! Results are available on request.

2 Results are available on request.
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Table 2 Panel cointegration test

Countries Models Z-values
Gt Ga Pt Pa
For all countries M1 —7.163%%% (—5.258%%%) —6.005%** (21.167) 16.396 (— 12.557*%%) 14.301 (17.827)
M2 —6.302%%% (—6.934%%%) —1.340* (21.397) —24.070%%* (= 14.303%*%*) —31.780%** (16.349)
M3 —6.189%#% (—3.493%%¥) —4.655%%% (21.452) 17.557 (—7.194%%%) 14.727 (18.152)
LICs M1 —0.101 (- 0.664) —0.285 (7.963) 0.976 (3.058) —1.311% (6.703)
M2 0.728 (—0.819) 1.326 (7.852) 4.741 (3.859) 3.020 (6.820)
M3 0.493 (0.546) 0.706 (8.026) 1.483 (3.189) 0.772
(6.559)
LMICs Ml —2.476%%* (—5.139%**) —2.960*** (11.499) 5.150 (— 6.798**%*) —9.356%** (9.810)
M2 —2.818%** (—3.935%%**) 0.271 (11.968) —9.632%** (—3.500%**) —14.522%*%* (10.357)
M3 —0.658 (—2.711%%**) —2.278%* (11.843) 3.677 (—7.486%%%) —12.386**%* (9.947)
HMICs Ml —4.641%%* (= 1.350%) —5.461*** (11.122) 7.954 (15.448) 8.116 (10.644)
M2 —4.7739 #** (=3 T8Y*H¥) —1.555*%(11.193) —23.724%%% (=7.207***) —31.972%*%* (8.586)
M3 —5.805%%* (—2.176%%*) —5.139%** (11.148) 8.052 (16.068) 8.225 (10.673)
HICs Ml —6.118%** (-2.818) —2.709%** (11.359) —1.339% (— 16.756%%*%) 3.139 (8.845)
M2 —4.729%%% (—4,643%%**) —2.118** (11.331) —6.659%%* (—8.446%**) —9.830%** (8.959)
M3 —5.438%*% (=2.027%**) —1.900** (11.475) 0.346 (— 13.216%**) 2.303 (8.974)

the values in the parentheses represent long-run values of all variables in the models. Those outside the parentheses are cointegration values of
only energy consumption and GDPPC. *, **, and *** refer to significance at 10, 5, and 1% levels, respectively

(energy consumption and GDP per capita) in this study are
integrated at order one in all sampled countries.

This study conducted two panel cointegration tests
between the target variables (energy consumption and GDP
per capita) and all variables in the models. Except for LICs
(in all models), the cointegration result between energy con-
sumptions and GDP per capita shows that two out of four
statistics of Westerlund and Edgerton (2007) are statisti-
cally significant in all groups and models. Likewise, except
for HMICs (M1 and M3) and HICs (M 1), the cointegration
results for all variables show two out of four statistics sta-
tistically significant. Regarding the cumulative cointegra-
tion tests for the two-panel tests, all statistics of Westerlund
(2007) are statistically significant except for the LICs (in
all models) and HMICs (in M1 and M3), implying that the
null hypothesis of no cointegration is strongly rejected. This
means that except for the LICs (in all models) and HMICs
(in M1 and M3), there are long-run relationships among the
variables in the models (see Table 2).

After the cointegration tests, the next step is to estimate the
model using both static and dynamic panel models. Specifically,
the study employed the FE* model due to the absence of coin-
tegration in LICs (in all models) and HMICs (in M1 and M3).

3 Using Hausman test, FE model is more efficient than RE; hence FE
is selected. Moreover, we compared the RE with pooled OLS using
Breusch and Pagan Lagrangian multiplier test for RE. The result
refuses the pooled OLS model. Therefore, the most efficient model
for this study is FE.

@ Springer

The presence of cross-sectional dependence limits the study
from employing alternative dynamic panel models such as panel
ARDL (PMG, MG, DFE) and system GMM (Forte et al. 2014;
Menegaki 2019). However, several recent studies employed
FMOLS or DOLS, while the cross-sectional dependence test
strongly rejects the null hypothesis of no CD (Konstantakopou-
lou 2020; Miti€ et al. 2017; Neagu 2019).

The FMOLS results presented in Table 3 show that
except for HICs (in M2), the target-independent variables
(GDPPC, GDPPC?, and GDPPC3) have a significant posi-
tive, negative, and positive effect on all types of energy
consumptions, respectively. Like most scholars, when we
consider only the coefficient signs, the study found an
N-shaped relationship between GDPPC and energy con-
sumption in all groups of countries except for HICs. This
N-shaped result implies that energy consumption is high
at an early stage of economic growth (energy consump-
tion is increasing with increasing GDPPC). However, when
the economy rises further, energy consumption declines.
This may not be long-lasting; instead, energy consump-
tion will grow again with economic growth unless some
measure is taken. Despite the differences in methodologies,
case studies, scope, variables used, and others (hereafter
ceteris paribus/other things are constant), this finding is
in line with Luzzati and Orsini (2009), Pablo-Romero and
De Jests (2016), Mahmood (2021), and Mahmood et al.
(2021). However, the current study is unique because we
examined variables’ relationships beyond the signs of the
coefficients (observing the number of observations before
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Table3 FMOLS, DOLS, and FE results
Variables
Models For all countries LMICs LICs
FMOLS DOLS FMOLS DOLS FE
GDPPC ECON 0.000927%#*3* 0.00024 1 #** 0.00484 1 #** 0.00124 1 %*** 0.0006464***
RECON 8.79E-0Q5%*%* 1.51E-05* 0.000395%*%* 0.00020 1 %#** 0.00049977**
NRECON 0.0008207%*3* 0.000220%** 0.0043827%*3* 0.001016%** 0.0001467***
GDPPC2 ECON —1.59E-08*** —3.99E-(09*** — 1.44E-06%*** —4.20E-Q7#*%* —5.66e-07%**
RECON —1.31E-Q9%*%** —4.80E-11 —9.90E-08*%** —5.43E-08%*%* —5.37e-07%**
NRECON — 1.43E-08%*** —3.87E-09%#* —1.32E-06%*** —3.59E-07%** —2.95e-08
GDPPC3 ECON 7.98E-14%** 1.87E-14%%*%* 1.55E-10%** 5.66E-11%** 2.02e-10%%**
RECON 6.09E-15%** —1.99E-16 7.98E-12%** 4. 84E-12%** 1.79e-10%*%*
NRECON 7.24E-14%%* 1.87E-14%3#:* 1.45E-10%** 5.12E-11%%** 2.29-11
URBAN ECON —0.131345 —-0.011887 0.161886 —0.015698 0.0024326%%**
RECON -0.020717 —0.008396 0.011568 —-0.001506 0.00089%*
NRECON —0.112399 —-0.016771 0.147403 -0.013697 0.0015427%*
POP ECON —0.097032 —0.021286 0.161886 —-0.015698 —0.0059569%**
RECON —0.005867 —0.024448 —0.024659 —0.000852 —0.001773%**
NRECON —0.086145 0.020683 —0.303757 0.003202 —0.0041839%***
CONS ECON — — —_ — —0.1548842%**
RECON — —_ — — —0.1174615%**
NRECON — — — — —0.0374228%***
HICs HMICs (FE for M1 and M3 but FMOLS and DOLS for M2)
FMOLS DOLS FMOLS DOLS FE
GDPPC ECON 0.000179%#%** 0.000284%*** — — 0.0099739%%*%*
RECON —6.85E-06 —3.17E-06 0.001039%:** —9.77E-05* —
NRECON 0.000169%*** 0.0002827%** — — 0.0089337*%**
GDPPC2 ECON —2.33E-09%%** —4.76E-09%*** — — —9.74e-07%%*
RECON 4.14E-10%* 2.61E-10 —9.89E-08*:#* 1.33E-08%** —
NRECON —2.51E-Q9%%** —4.96E-09*** — — —8.79e-07%***
GDPPC3 ECON 9.76E-15%* 2.25E-14%*%* — — 2.71e-11%%*
RECON —2.77E-15%%* —1.68E-15 2.68E-12%%#:* —4.12E-13%%* —
NRECON 1.15E-14%3%*%* 2.39E-14%** — — 2.46e-11%**
URBAN ECON —0.164223 0.236222 — — —0.7569754**
RECON —0.005300 0.012144 —0.140223* —0.023594 —
NRECON —0.235784 0.070929%** — — —0.6436331**
POP ECON 0.130070 —-0.224741 — — 0.2701002
RECON —0.005300 —0.046438 0.085228 —0.079910%* —
NRECON 0.222714 —0.0095897%*:* —_ —_ 0.1970456
CONS ECON —_ — —_ —_ —22.92417%%**
RECON — — — — —
NRECON —_ —_ _ — —20.41486%**

skt

, ** and * denote significance at the 1%, 5%, and 10% levels, respectively. ECON, RECON, and NRECON represent the models for total

energy consumption, renewable energy consumption, and nonrenewable energy consumption, respectively

and after turning points). Accordingly, the maximum and
minimum turning values of GDPPC for M1 (is 43,201.58
and 89,630.49), for M2 (53,535.07 and 89,869.41), and for
M3 (42,188.16 and 89,487.71). This implies that the rela-
tionship between GDPPC and the total energy consump-
tion is positive and non-linear* but does not follow either

* Expressed by a significant coefficient of quadratic and cubic terms
of GDPPC.

inverted U-shaped or N-shaped form. This is because most
countries’ GDPPC in most periods (above 90.7% of the total
observations) remained below the maximum threshold val-
ues. For instance, for M1, around 3808 observations are
below 43,201.58 GDPPC, 324 observations are between
43,201.58 and 89,630.49 GDPPC, and only 44 periods
are above 89,630.49 GDPPC. Therefore, the relationship
between GDPPC and total energy consumption is domi-
nantly positive and non-linear. Ceteris paribus, this finding
coincides with Moosa and Burns (2022).
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Table 4 Pearson’s correlation

ECON RECON NRECON GDPPC URBAN POP
ECON 1.0000
RECON 0.8987 1.0000
NRECON 0.9978 0.8796 1.0000
GDPPC 0.9978 0.1938 0.1363 1.0000
URBAN —0.0686 —-0.0920 —0.0593 —0.3400 1.0000
POP —0.1251 —0.1588 —0.1170 —0.2466 0.8034 1.0000

Multicollinearity test

For model 1, model 2, and model 3

VIF
GDPPC 1.13
URBAN 3.00
POP 2.83

Mean VIF

232

Similarly, the FMOLS result of M1 and M3 for LMICs
has no stationary points, but they reach at max at 3096.77
and 3034.48 GDPPC, respectively, and most periods are
below these thresholds. Therefore, the relationship between
GDPPC and the total (non-renewable) energy consumption
is dominantly positive and non-linear but does not follow
either inverted U-shaped or N-shaped. Likewise, the max
and min turning points for M2 are 3359.81 and 4910.86
GDPPC, respectively, but around 90% of the periods are
below the maximum threshold. Therefore, we can conclude
that the relationship between GDPPC and energy consump-
tion is positive and non-linear in LMICs. Ceteris paribus,
this result coincides with Moosa and Burns’s (2022) results.

The FMOLS result of M1 for HICs has max and min sta-
tionary values at 64,776.77 and 94,376.22 GDPPC, respec-
tively. Similarly, the max and min turning values for M3 are
52,890.61 and 92,616.62 GDPPC, respectively. But most
observations (91.3% and 85.75%) are below the maximum
threshold value in both models. Hence, the relationship
between GDPPC and the total (nonrenewable) energy con-
sumption is positive and non-linear in HICS. Other things
being constant, this conclusion concurs with Moosa and
Burns (2022). The FMOLS result of M2 for HMICs has max
and min turning values at 7601.46 and 17,000.52 GDPPC,
respectively. But most observations (75.7%) are below the
maximum threshold value. Hence, the relationship between
GDPPC and renewable energy consumption is dominantly
positive and non-linear, which is similar to Moosa and Burns
(2022), ceteris paribus.

Similarly, the DOLS result of total sampled countries
confirmed a positive and non-linear relationship between
GDPPC and total (nonrenewable) energy. However, the
DOLS result of M1 and M3 for LMICs has no stationary
points, but they reach maximum at 3739.66 and 2337.23
GDPPC, respectively and most periods are below these

@ Springer

thresholds. Therefore, the relationship between GDPPC and
the total (non-renewable) energy consumption is dominantly
positive. However, the max and min turning points for M2
are 3362.63 and 4446.70 GDPPC, respectively, but most
periods are below the maximum turning point. Therefore,
we can conclude that the relationship between GDPPC and
energy consumption is positive and non-linear in LMICs,
in line with Moosa and Burns (2022). The DOLS result for
HICs the max and min turning point for M1 (42,851.67 and
98,185.35) and M3 (39,980.88 and 98,373.36) GDPPC,
respectively, and most of the values are below the maxi-
mum threshold values. Therefore, the relationship between
GDPPC and the total (nonrenewable) energy consumption is
positive and non-linear. However, the U-shaped EEKC was
observed in M2 of HMICs. This is because most periods are
found below the minimum (38.8%) and between the min and
max (60.5%) thresholds. Other things being constant, this
result is consistent with that of Filippidis et al. (2021). Like-
wise, the FE result revealed that the relationship between
GDPPC and energy consumption is positive and non-linear
for the LICs and HMICs.

Quantile regression results

Table 4 shows that except for some variables,” the corre-
lations between independent variables are below the rule
of thumb value (0.7) for stronger correlation (Allard et al.
2018). However, when URBAN and POP are estimated in
the same model, this might lead to multicollinearity prob-
lems. Therefore, this study employed the multicollinearity
(VIF) test and confirmed that no multicollinearity exists in
all models. All the VIF values are below 5, with the highest

5> ECON and RECON, ECON and NRECON, RECON and
NRECON, URBAN and POP.
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Table 5 Results from quantile regression for total sampled countries and models
Quantile ~ Models GDPPC GDPPC? GDPPC? URBAN POP Constant
10th ECON — 1.16E-06*** 1.60E-10%** — 1.57E-15%** 0.00077#** —0.00041 0.0035%3*
RECON —2.54E-08*** 8.83E-13%* —6.85E-18* 5.65E-05%** —0.0001%** 0.00027##*
NRECON —1.76E-09 6.74E-11%* —7.07E-16** 0.000457* 0.000774% 5.44E-05
20th ECON —6.31E-06%** 6.54E-10%** —5.98E-15%** 0.00097 —0.00139 0.0179%*
RECON —3.37E-Q7%** 1.66E-11%%* — 1.31E-16%** 0.00034 %3 —0.00076%** 0.001 %
NRECON —3.77E-06%** 4.52E-10%#* —4.18E-15%%* 0.000605 0.00046 0.009773%:#*
30th ECON 1.22E-06 7.74E-10%** —7.71E-15%%* 0.0059%** —0.00473 0.006
RECON — 1.05E-06%** 5.60E-11%%* —4.48E-16%** 0.00122%#%* —0.0027%#* 0.0064%##
NRECON 7.34E-06%** 3.00E-10%#** —3.78E-15%%* 0.003162%#:# 0.001613* —0.008917*:*
40th ECON 1.95E-05°%** 4.75E-10%** — 6.54E-15%%* 0.00458 —0.00524 0.015
RECON —2.24E-06%#* 1.40E-10%** — 1.15E-1 5% 0.00159%* —0.0046%** 0.01395:#:*
NRECON 2.62E-05%** —1.62E-10 —9.04E-16 0.002615 0.001347 —0.009771
50th ECON 3 45E-05%** 1.89E-10 —5.00E-15%%* 0.0137* —0.048*** 0.113%%*
RECON —3.19E-06*** 2.29E-10%** — 1.88E-15%** 0.00279%%* —0.0089%** 0.0268%##:
NRECON 5.04E-05%%* —7.62E-10%** 2.77E-15%#%* 0.007180%** —0.014740%* 0.010221*
60th ECON 7.54E-05%** —3.84E-10 —3.06E-15 0.0437%* —0.1071%** 0.1327%%%
RECON —2.59E-06%** 2. 74E-10)*** —2.34E-15%** 0.00492 %3 —0.0152%%* 0.0399%**
NRECON 7.57E-05%%* —9.18E-10%#* 1.79E-15 0.019522%* —0.045514%** 0.047971
70th ECON 0.00021 5% —3.34E-09%** 1.25E-14%** 0.092°%#* —0.195%#* 0.1407%**
RECON —3.11E-06 4.54E-10)%%#* —3.89E-15%%** 0.01070%#* —0.029%** 0.0728***
NRECON 0.000224%#3#: — 3.83E-09%#* 1.63E-14%%* 0.072791%** —0.135407%%* 0.01401 7%
80th ECON 0.000399%#3*%* — 6.87E-09%** 2.94E-14%%* 0.154%%* —0.360%%* 0.361%**
RECON —3.61E-06 6.95E-10)*#* —5.97E-15%** 0.0081%* —0.041%** 0.13871%**
NRECON 0.000374%#3%%* —7.04E-09%** 3.32E-14%** 0.144186%%** —0.322825%%* 0.278489%#*
90th ECON 0.000602%#%%* —9.76E-09*** 3.87E-14%** 0.3029%** —0.817*** 1.380%#:*
RECON 1.18E-(05%** 5.39E-10)%#:* —5.91E-15%#* 0.044066%** —0.11495%:#:* 0.260644%#:*
NRECON 0.000573 %% — 1.14E-08*** 5.68E-14%%* 0.185119%#%%* —0.5388527#:# 0.932472

Hokok

, **_and * denote significance at the 1%, 5%, and 10% levels, respectively. The results were obtained by a bootstrap of 500. ECON, RECON,

and NRECON represent the models for total energy consumption, renewable energy consumption, and nonrenewable energy consumption,

respectively

Fig. 1 The relationship between

GDPPC and ECON at 70th
quantile for total sampled
countries

ECON

50000 100000 1530800 200000

GDPPC

value of 3.00, which implies an absence of multicollinearity
(see Table 4).

Besides using the panel estimation techniques, this
study also employed the quantile estimation by choosing
nine quantiles (10th, 20th, 30th, 40th, 50th, 60th, 70th,
80th, and 90th). Though the panel mean results showed

a positive and non-linear relationship between GDPPC
and energy consumption for most models and groups of
countries, the quantile estimations revealed mixed (posi-
tive and non-linear, inverted U-shaped, U-shaped, and
N-shaped) EEKC. The results in Table 5 show the quan-
tile estimation of models 1-3 for total sampled countries.
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Fig.2 The relationship between
GDPPC and ECON at 10th
quantile for total sampled
countries

20000

Similar to the FMOLS, DOLS, and FE results, a positive
and non-linear (not follows either inverted U-shaped or
N-shaped) EEKC was observed at the 70-90th quantile
for model 1. This is because most countries have GDPPC
below the maximum threshold level (see Fig. 1). How-
ever, U-shaped EEKC is observed in 10th and 20th quan-
tiles. This is because most countries have GDPPC below
the minimum and maximum threshold values (see Fig. 2).

The result also confirmed that from 10 to 30th and at 60th
quantiles, a U-shaped EEKC is observed for model 2. How-
ever, a positive and non-linear relationship between GDPPC
and renewable energy was observed in the last quantile.

Table 5 also confirmed a positive and non-linear relation-
ship between GDPPC and nonrenewable energy consump-
tion in 30th, 50th, and 70-90th quantiles, but it is U-shaped
in the 20th quantile in model 3. According to Allard et al.
(2018), these mixed and inconclusive results can be due to
heterogeneity between and within these income groups;
therefore, they recommended decomposing the countries
based on their income level. Except for 20th and 40th quan-
tiles, urbanization has a positive and significant effect on all
types of energy consumptions. However, population growth
significantly reduces all types of energy consumption in the
50-90th quantiles.

Table 6 shows the quantile estimation of the models for
the LICs group. For model 1, N-shaped EEKC is observed in
the 10th and 20th quantile (see Fig. 3), but it is U-shaped in
40-80th. Besides, from 20th to the 50th quantile, there is a
U-shaped EEKC in model 2. Table 6 also confirmed that model
3 has an N-shaped EEKC in 10th and 20th quantiles, but it is
U-shaped in the 40-70th. Therefore, the result for LICs is also
mixed and inconclusive for all models. Urbanization has a posi-
tive and significant effect on total (at 10-20th and 60-80th),
renewable (at 10th, 20th, and 80th), and nonrenewable energy
consumption (at 20th and 90th) quantiles. Population growth
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has a positive and significant effect on total (at 40th, 50th, and
80th), renewable (at 70th and 80th), and nonrenewable energy
consumption (at 50th and 60th) quantiles. However, the reverse
is true for models 1 and 3 at the 10th quantile.

The results in Table 7 show the quantile estimation of
all models for the LMICs group. In both models 1 and 3,
there is an N-shaped EEKC in the quantiles from 20 to
70th. However, at the 80th quantile, both models have no
specific stationary values but reach maximum at 1815.18
and 1718.03 GDPPC respectively. Consequently, most
countries’” GDPPC in most periods is below and above the
maximum threshold values. Therefore, there is an inverted
U-shaped EEKC at the 80th quantile in models 1 and 3.
Our conclusion is also supported by research from Luz-
zati and Orsini (2009), Aboagye (2017), Hundie and Daksa
(2019), and Aruga (2019).

Similarly, since most periods are below the minimum
threshold values, we can say an inverted U-shaped (30-80th
quantiles) EEKC existed in model 2. Urbanization has a neg-
ative and significant effect on total (at 20th, 30th, and 50th),
renewable (at 50-90th), and nonrenewable energy con-
sumption (at 10-30th) quantiles. However, it significantly
increases renewable energy consumption at 10th and 20th
quantiles. Population growth has a negative and significant
effect on total (at 50th, 70-90th), renewable (at 10th, 20th,
40th, 50th, and 90th), and nonrenewable energy consump-
tion (at 70-90th) quantiles.

The results in Table 8 show the quantile estimation of
model 1-3 for HMIC groups. For all models, the study found
U-shaped EEKC in 50-80th quantiles. Besides, there is
U-shaped EEKC in models 1 and 2 at quantiles between 50
and 90th. However, there is an inverted U-shaped EECK in
model 1 at the 20th quantile. Except for model 2 at the 10th
quantile, urbanization significantly increases all types of
energy consumptions at all quantiles. However, population
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Table 6 Results from quantile regression for LICs
Models GDPPC GDPPC? GDPPC? URBAN POP Constant
10th ECON 0.000109%#:** —2.33E-07***  1.48E-10%%*%* 0.000242%* —0.000715%:** —0.009146%**
RECON 4.42E-06 —8.93E-09 4.54E-12 0.000128%#3:* —5.76E-05 —0.000753
NRECON  9.07E-05°%** — 1.84E-07***  1.14E-10%%* 0.000203 —0.000610%** —0.0085007%*
20th ECON 9.72E-Q5°%** —2.17E-07***  1.45E-10%%%* 0.000388#:* —0.000295 —0.007192
RECON 5.86E-05%* — 1.00E-07** 4.98E-11%* 0.000118%*:* —1.99E-05 —0.010052%**
NRECON  8.20E-05%** — 1.72E-07***  1.10E-10%%* 0.000355%:* —0.000217 —0.007078
30th ECON —0.000127 1.42E-07 7.28E-12 0.000461 0.000110 —0.000145 0.033486
RECON 4.34E-Q5%** —8.12E-08*** 4 34E-11%%%* 0.000261 7.60E-05 —0.005923*
NRECON  -0.000132 1.59E-07 —1.38E-11 0.000167 0.032562
40th ECON —0.000398*** 5 49E-(7%** —1.38E-10*** 0.000359 0.000151 0.001710* 0.000160  0.083815°%*:
RECON 5.13E-05%** —9.33E-08*** 4 84E-11%%*%* 1.76E-05 0.000526 —0.00724 1 =
NRECON  —0.000305%** 4 30E-07%** — L.11E-10%** 0.066572%:*
50th ECON —0.000492%** 6, 71E-Q7%** —1.80E-10 ***  (0.001081 0.000367 0.001587* 0.000371  0.105410%x*3*
RECON 5.15E-Q5%** —9.95E-08***  528E-11%%%* 0.000108 0.001452%* —0.006941
NRECON  —0.000364%** 5 15E-Q7%** — 1.41E-10%** 0.077817%:%*
60th ECON —0.000555%** 7 43E-Q7%** —2.03E-10%** 0.002195%* 0.000274  0.001596 0.000621 0.120666%:**
RECON —-1.91E-05 —1.64E-08 2.53E-11 0.000566 0.001585%* 0.012176
NRECON  —0.000482%** 6 75E-07%** — 1.96E-10%** 0.102962%#::*
70th ECON —0.000679*** 8. 71E-Q7%** —2.41E-10%** 0.002988%** 0.000422  0.002828 0.001048*  0.153835%**
RECON —3.67E-05 4.22E-10 2.17E-11 0.000598 0.001795 0.018056%3*
NRECON  -0.000580%3:* 8.08E-(7#** —2.43E-10%** 0.124849%:*
80th ECON —0.001047**%  1.28E-06%** —3.68E-10%** 0.003048* 0.004427* 0.002681  0.257625%%:*
RECON —0.000103 6.35E-08 3.50E-12 0.001804%*:* 0.002038 0.034454
NRECON  —0.000780%**  1.07E-06%** —3.34E-10** 0.002421 0.165420%:*
90th ECON —0.001577%* 1.84E-06** —5.41E-10 0.007824 0.003150 0.009897 0.006187*  0.390502%x3
RECON —0.000415% 3.39E-07 —7.28E-11 0.010030* —0.003428 0.136871%#**
NRECON  —0.000955%**  1.35E-06%* —4.37E-10* 0.198192%#3:*

Hokok

, **_and * denote significance at the 1%, 5%, and 10% levels, respectively. The results were obtained by a bootstrap of 500. ECON, RECON,

and NRECON represent the models for total energy consumption, renewable energy consumption, and nonrenewable energy consumption,

respectively
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Table 9 shows the quantile estimation result of all models
for the HICs group. There is an inverted U-shaped EEKC
observed in 70-90th quantiles for model 1. Similarly, there
is an inverted U-shaped EEKC for model 3 in the 30-90th

quantiles. However, the result confirmed that the relationship
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Table 7 Results from quantile regression for LMICs

Models GDPPC GDPPC? GDPPC? URBAN POP Constant
10th ECON 3.35E-05 —2.29E-08 3.90E-12 9.49E-05 —1.89E-05 —0.000580
RECON —4.27E-06* 5.68E-10 8.88E-14 0.000402 —0.000798: 0.005442
NRECON 4.31E-05 —2.85E-08 4.80E-12 —0.002309% 0.002949 —0.007016
20th ECON 0.000532:#3 —3.71E-Q7%* 7.04E-1 1% -0.012345%s#3 0.010669 —0.145073*
RECON —1.45E-06 —1.67E-09 4 44E-13* 0.000903 % —0.001819# 0.008149%
NRECON 0.000513%* —3.36E-07%* 6.20E-11%* —0.008109%:# 0.004478 —0.176007
30th ECON 0.000567 — 4 21E-Q7%%* 8.32E-11%#* —0.010474%: 0.004617 —0.102355%#*
RECON 1.07E-Q5%# —7.96E-09 1.28E-12%* 0.000515 —0.001342 0.006562%
NRECON 0.000580% — 4. 18E-Q7%* 8.22E-11%#* —0.011136%#* 0.007374 —0.150303
40th ECON 0.000537: — 4. 04E-Q7%%* 8.19E-11%#* —0.010626- —0.011844 —0.028103
RECON 2.39E-(5%# — 1.41E-08% 1.97E-12%# —0.000742 —0.002453* 0.013824%
NRECON 0.000513% —3.86E-07%* 7.93E-11%%* —0.009044 —0.000933 —0.083000%
50th ECON 0.000505% —3.99E-(Q 7 8.35E-11%#* -0.017828%* -0.022016* 0.072885%
RECON 3.42E-05%#* — 1.81E-08% 2.36E-12%* —0.001179%* —0.004393 %% 0.019289:%#
NRECON 0.000460%* —3.76E-07%** 8.08E-11%#* —0.017761%* —0.011711 0.046079
60th ECON 0.000528:% — 4. 12E-Q7% % 8.88E-11%#* —0.011603 —0.038895 0.103276%*
RECON 5.65E-05% —2.80E-08%: 3.57B-12%%% —0.002795%:#* —0.002202 0.016960%*
NRECON 0.000503 % —3.97E-Q7%*x* 8.64E-11%#* —0.018070 —0.032452 0.091566%*
70th ECON 0.00051 1% —3.99E-Q 7% 9.26E-11%%* 0.020717 —0.181615%#* 0.400187%
RECON 8.19E-05%#* —3.50E-08 4 17E-12%%x —0.005391 % 0.003933 0.009210*
NRECON 0.000435%* —3.62E-07%** 8.77E-11%#* 0.016137 —0.149639%#% 0.332253 %
80th ECON 0.001 1275 —5.50B-07%* 1.01E-10%*x* —0.042667 —0.416088%#* 1.031262%#*
RECON 0.000122% —4.68E-08% 5.03E-12%%* —0.007823 %4 —0.008792 0.042310%*
NRECON 0.00094 5% — 4 85E-( 7% 9.41E-1 1% —0.024589 —0.390307%#* 0.955510%#*
90th ECON 0.001678* —6.57E-07 9.94E-11* —0.135800 —1.061202%#* 3.325469%
RECON 5.39E-05 —2.30E-08 2.33E-12 —0.026074 % —0.029645%* 0.267046%
NRECON 0.001398 —5.23E-07 8.55E-11* -0.124582 —0.877558%#* 2.810428:%s#

Hokok

, **_and * denote significance at the 1%, 5%, and 10% levels, respectively. The results were obtained by a bootstrap of 500. ECON, RECON,

and NRECON represent the models for total energy consumption, renewable energy consumption, and nonrenewable energy consumption,

respectively

between GDPPC and renewable energy consumption is posi-
tive and non-linear at the 50th and 70th quantiles because
most observations are found between the minimum and
maximum threshold values of GDPPC. Except for at the
20th (for model 1), 10th and 80th (for model 2), and 90th
quantile (for model 3), urbanization significantly increases
all types of energy consumptions. However, population
growth significantly reduces all types of energy consump-
tion at the 30-90th quantiles. Moreover, it has a negative
and significant effect on renewable and nonrenewable energy
consumption at the 20th quantile.

The quantile results for HICs and other groups of countries are
mixed and inconclusive; therefore, the EEKC should be studied
carefully and thoroughly. Commonly, the panel mean estimations
might lead to non-representative results for the sampled countries
but employing quantile regressions like this study shows the rela-
tionship between income and energy consumption varies between
quantiles; hence, policy recommendations based on quantile
regression might be effective compared to the mean regressions.

Finally, Koenker and Bassett (1982) and Newey and
Powell (1987) advocated the use of slope equality and

@ Springer

symmetry testing to look at the heterogeneous distribu-
tion of the estimated quantile parameters. The quantile
slope equality and symmetric quantiles test compare all
coefficients from the estimated equation quantiles from
0.1 to 0.9 using the Wald test statistic. Table 10 shows that
the homogeneity null hypothesis is rejected at a 1% level
of significance.

Discussion

Analyzing the empirically established close nexus between
energy consumption and economic growth has been a fasci-
nated topic for researchers and academics. The importance
of this nexus further increased as energy consumption dete-
riorates the environment and put pressure on countries to
adopt renewable energy sources instead of fossil fuel that
damages the environment through CO2 emissions. Further-
more, investigating the transition in the association between
economic growth and energy consumption by type or total
and for economies grouped in the context of the development
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Table 8 Results from quantile regression for HMICs and all models
Models GDPPC GDPPC? GDPPC? URBAN POP Constant
10th ECON 8.55E-06 —9.13E-10 2.65E-14 0.002247%#:* 0.011566%** —0.023648
RECON (3.30E-07%) —4.21E-11* 1.34E-15 3.67E-05 7.94E-05 —0.000566
NRECON 4.65E-06 —4.51E-10 1.40E-14 0.001787%:* 0.008835%:** —0.014518
20th ECON 1.86E-05%* —2.22E-09%* 6.30E-14** 0.00424 1 #:* 0.017478%** —0.039368*
RECON (=3.93E-07) 2.04E-10%* — 1.09E- 14 0.001057%#3* —0.000843:*:* —4.57E-05
NRECON 7.43E-06 —8.29E-10 2.41E-14 0.002744%*:* 0.010710%** —0.015532
30th ECON 9.02E-07 3.60E-10 —3.19E-14 0.009565%* 0.009333 0.009733
RECON (2.01E-06) —5.42E-11 —3.26E-15 0.001761%** —0.001435%** —0.004382
NRECON 7.40E-06 —4.00E-10 2.27E-15 0.007494%*:* —3.55E-05 —0.003439
40th ECON —0.000142 2.31E-08 —9.13E-13 0.057175%:* —0.052161 0.328840
RECON (—1.05E-05) 1.98E-09 —8.24E-14 0.004829%:* —0.0046023%** 0.017460
NRECON —0.000163 2.44E-08 —9.12E-13 0.039164* —0.042077 0.369135
50th ECON —0.001015%:** 1.52E-Q7%** —5.63E-12%% 0.184770%:* —0.266034%:** 2.163228%:#*
RECON (= 5.19E-Q5%** 8.21E-(Q9*** —3.12E-13%*:* 0.007694%:* —0.007920%** 0.09742]1 %%
NRECON —0.000905%:* 1.33E-Q7%** —4.90E-1 2% 0.14001 83 —0.220409%:** 1.945852%#:%:*
60th ECON —0.001517%** 2 42E-(Q7%*** —8.76E-12%** 0.308952%#:* —0.419544%:** 3.029957:*
RECON (—0.000136%:** 2.07E-0Q8%*** —7.33E-13%%: 0.0082027%*:* —0.00924 1% 0.264580%:*
NRECON —0.001464%** 2.28E-Q7%** —8.18E-12%** 0.304923 %3 —0.405104%** 2.913307%#:**
70th ECON —0.001436%** 2 43E-(Q7%** —9.03E-12%** 0.464823 %3 —0.596560%** 2.860540%:*
RECON (—0.000243%#:* 3.60E-087*** —1.26E-12%%: 0.021370%:** —0.025198%** 0.494244 %%
NRECON —0.001310%** 2.19E-Q7%*** —8.10E-1 2% 0.407777%%* —0.529260%** 2.610360%**
80th ECON —0.003967%*** 6.16E-Q7%*** —2.21E-11%** 0.894703 %3 —1.114370%** 8.075815%*
RECON (—0.000222%* 3.44E-08%* —1.22E-12%* 0.063226%:* —0.078665%** 0.495456*
NRECON —0.003018*** 4.58E-Q7%** — 1.64E-11%** 0.720563%#:** —0.912523%** 6.403492%3%:*
90th ECON —0.007895%3* 1.05E-06%** —3.60E-11%** 2.014612%%* —2.422064%** 19.37485%*
RECON (—0.001275%:** 1.86E-07%** —6.36E-12%* 0.209360%:* —0.276646%** 2.753119%:%*
NRECON —0.004666 6.54E-07 —2.30E-11* 1.734394%#:* —2.051016%* 11.64507

Hokok

, **_and * denote significance at the 1%, 5%, and 10% levels, respectively. The results were obtained by a bootstrap of 500. ECON, RECON,

and NRECON represent the models for total energy consumption, renewable energy consumption, and nonrenewable energy consumption,

respectively

stage is crucial because each group of countries is heteroge-
neous in terms of energy consumption and renewable energy
share in the total energy mix. Hence, this study investigates
the EEKC by type or total energy consumption globally to
have deeper insights into the energy policy framework.

Both panel models and quantile regressions indicated that
energy consumption and economic growth are cointegrated
in the long run in all groups except in LICs. Based on the
FMOLS model, we conclude that the relationship between
GDPPC, total energy, and non-renewable energy consump-
tion is positive and non-linear but does not follow either
inverted U-shaped or N-shaped form. On the other hand,
quantile estimations revealed mixed (positive and non-linear,
inverted U-shape, U-shape, and N-shape) EEKC.

The mixed results can be attributed to the heterogene-
ity between and within these income groups (Allard et al.
2018). This means that the hypothesis of transition in
energy consumption is occurring only in developed nations
and there is no room for developing countries to imple-
ment energy-efficient policies to mitigate environmen-
tal challenges as it may compromise their much-needed
economic growth. Our findings suggest that the optimal

policy for low-income countries is to “grow first, clean
up latter.” They can adopt energy conservation policies
once they surpass the threshold income level and catch the
high-income countries. Moving on to the EEKC is not a
difficult task for low-income countries as we demonstrate
that developed countries are growing while using energy-
efficient technologies. Probably, developing countries can
learn from developed nations in framing energy policies
that effectively worked for them and achieve sustainable
development. The developed countries in the world need
to support developing countries to achieve development
goals by transferring economic and technological support.

The overall findings of the study suggest that the EEKC
should be studied carefully and thoroughly to analyze the
nexus between energy consumption and economic growth
and results should be interpreted with relation to the coun-
tries’ development stage. The same policy framework is
not applicable for each group of economies as the EEKC
hypothesis is not overwhelmingly accepted. While framing
energy conservative policies, regulators should consider
the degree of development in each country. Renewable
energy may be an efficient substitute for the traditional

@ Springer
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Table9 Results from quantile GDPPC GDPPC? GDPPC? URBAN POP Constant
regression for HICs
10th 1.30E-06 9.87E-11 —1.17E-15 0.024484**  —0.020530 —0.025145
8.57E-07 —1.26E-11 5.52E-17 0.002660 —0.003430 —0.015244
4.32E-06**  —7.18E-11 3.32E-16 0.030110%**  —0.020690 —0.043239%**
20th —7.28E-06  7.10E-10%* —6.58E-15%** (.090157 —0.108431 0.030636
—3.93E-07 2.61E-11%%* —2.17E-16%** 0.006786**  —0.009726**  0.000260
8.68E-07 3.67E-10 —3.84E-15%*  0.096118* —0.117537* —0.015559
30th 2.75E-05 2.41E-10 —4.81E-15 0.406870%**  —(0.402855*** —(0.251212
—8.40E-07  6.44E-11%* —5.50E-16%** (0.009434**  —0.015418*** 0.004234
4.67E-05%** —6.13E-10%** 1.91E-15% 0.3329209%**  —(.323649%***  —(.408055%**
40th 5.22E-05*** —1.99E-10 —2.62E-15%%%  (0.477466*** —0.496657*** —(0.438207%***
—3.40E-06  1.90E-10%** —1.53E-15%%*% (0.015864**  —0.026997*** 0.026059
6.82E-05***  —1.02E-09%** 3 95E-]15%** 0.341616%**  —(0.329583***  —(.554110%**
50th 8.18E-05*** —5.84E-10 —1.38E-15 0.584756%**  —(.635898***  —(.621887***
—5.42E-06% 3.12E-10%** —2.49E-15%%% (.025385%**  —(.044956%*** (0.048571%*
9.89E-05***  —1.57E-09%** 6.65E-15%** 0.521664%**  —(0.546896%***  —(.729206%**
60th 0.000131%*** —1.55E-09%*  3.62E-15 0.901778***  —1.017878*** —(.748362%**
6.54E-07 2.21E-10%* —2.09E-15%%*% (.045539*** —(0.076065*** 0.006862
0.000135%*%  —2 25E-Q9%** 9 7]E-]5%%* 0.865518%**  —().845404***  —(.810324%#:**
70th  0.000392%**  —6.61E-09%** 2 96E-]14%:* 1.702430%**  —2.037841%**  —2 284337
—1.61E-05* 8.68E-10%** —6.63E-15%%*% (0.062428**  —0.101929%*** (.148904*
0.000392%**  —7 OTE-09%** 3 39E-]4%:** 1.135520%#%  —1.286431%%*  —2 514104%**
80th 0.000651%***  —1,14E-08%*%* 528E-14%%*: 1.799986%#**  —2.365809%**  —3.24763]%%*
—8.01E-06  8.47E-10%** —7.03E-15%** (.129133 —0.188077**  0.115129
0.000555%**  —1.00E-08%** 4 80E-14%** 1.235247#%%  —1.519295%**  —3 109303%*:*
90th 0.000835%**  —1.46E-08%** 6.71E-14%%* 2.056738*** -2 612844%**  —3 23(0786%%*
2.01E-05 4.33E-10 —5.51E-15* 0.345393**  —0.446610%** 0.047047
0.000671%**  —1.30E-08%** 6.43E-14%%* 1.148423 —1.506355%*  —1.545366%%**

Table 10 Wald statistics

, ¥* and * denote significant at 1,

5, and 10% level, respectively and the results were obtained by a
bootstrap of 500. The yellow highlight values are for the renewable model. The values above and below the
highlight are for models 1 and 3, respectively

Models All countries LICs LMICs HMICs HICs
Chi-Sq. statistic
Ml 2635.157%#** 1098.863 % 379.8636%** 982.9474%#** 1574.390%**
[1009.849%3*] [128.2870%:**] [158.9681%***] [505.7868%**%*] [415.7856%*%*]
M2 1804.909%::* 159.0281%#:* 628.1065%** 600.7368%** 661.1464%**
[952.6436%#*] [179.3122%:#*] [448.2043%#:%*] [247.8914%#:*%] [265.2161%#*%]
M3 4235247 584.1199%::* 400.7966%** 796.3408%*** 1865.781#**
[1424.296%**] [77.11493 %] [138.5105%*%*] [318.9309%%%*] [542.3864%%%*]

the values without the brackets are slope equality tests, while values in the bracket are symmetric quantile tests. *** refers to significant at 1%

level

sources of energy including fossil fuel and can help out-
pace environmental pressures (Zoundi 2017).

Conclusions

This paper investigated the energy environmental
Kuznets curve for 144 countries divided into three
groups, low income, middle income, and high-income
countries based on world bank criteria 2021. Results

@ Springer

obtained from panel regression and cointegration analy-
sis support the existence of EEKC for high-income coun-
tries, while these results cannot be verified in the case
of middle and low-income countries at lower quantiles.
This means that the hypothesis of transition in energy
consumption is occurring only in developed nations and
there is no room for developing countries to implement
energy-efficient policies to mitigate environmental chal-
lenges as it may compromise their much-needed eco-
nomic growth. Moving on to the EEKC is not a difficult
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task for low-income countries as we demonstrate that
developed countries are growing while using energy-effi-
cient technologies. Probably, developing countries can
learn from developed nations in framing energy policies
that effectively worked for them and achieve sustainable
development. In the same vein, the developed countries
in the world need to support developing countries to
achieve development goals by transferring economic and
technological support.

For future research, it is important to investigate what
type of support developed nations could lend to devel-
oping countries to achieve the goal of economic devel-
opment in the context of the EEKC. In addition, other
control variables such as inflation, financial develop-
ment, and the foreign direct investment might need to be
considered in the EEKC model. As we studied the EEKC
hypothesis globally for the first time, the econometric
model used in the analysis is in a simple form. However,
it includes two control variables (urbanization and popu-
lation growth) that are the key determinants of energy
consumption. To pursue further research, future mod-
els may include other meaningful variables like energy
price, income disparity energy poverty, and so on.
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