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Abstract
Background: International awareness of the impact of global warming and climate change is increasing.
Developing countries face the task of achieving sustainable economic growth while also improving the efficiency of
their energy consumption. The E7 countries (Brazil, India, Indonesia, Mexico, People’s Republic of China, Russia, and
Turkey) are all highly concerned with the promotion of carbon-emission-reduction strategies.
Methods: This research uses a bootstrap autoregressive distributed lag (ARDL) bound test with structural breaks to
examine the cointegration and causality relations between economic growth, energy consumption, and carbon
dioxide (CO2) emissions in the E7 countries.
Results: There is no cointegration between economic growth, energy consumption, and CO2 emissions for People’s
Republic of China, Indonesia, Mexico, and Turkey. Evidence of cointegration is found for Brazil when CO2 emissions are
the dependent variable and for India and Russia when energy consumption is the dependent variable. For all of the E7
countries except Indonesia, short-run Granger causality was found to exist from energy consumption to CO2 emissions
and from economic growth to CO2 emissions for Brazil, India, Mexico, and People’s Republic of China. Short-run
Granger causality was also found from economic growth to energy consumption for Brazil, India, Indonesia, Mexico,
and People’s Republic of China, and from CO2 emissions to energy consumption for all E7 countries.
Conclusions: The results consistently show that energy consumption is the main cause of CO2 emissions, which has
led to the emergence of global warming problems. Increases in CO2 emissions compel the E7 countries to develop
sound policies on energy consumption and environmental pollution.
Keywords: Economic growth, Energy consumption, Carbon dioxide emissions, E7 countries, Bootstrap ARDL bound test
JEL classification: C32, Q43, Q53, O44

Background
Energy is at the heart of an economy, because it ultimately enables investments and technologies that create
jobs and drive growth among countries. The energy crises of 1974 and 1981 made the relationship between
economic growth and energy consumption a focus of
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economic research, and this relationship has shown
genuine concern for policy analysts [1–3]. Studies of the
causal relationship between the two have reported conflicting results. For example, Lee [4] used panel data
from 18 developing countries between 1975 and 2001 to
investigate the causal relationship between energy consumption and gross domestic product (GDP). Granger
causality results showed that energy consumption caused
economic growth, but not vice versa. Conversely, Jobert
and Karanfil [5] tested the relationship between energy
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consumption and economic growth in Turkey from
1960 to 2003 and found no relationship by Granger or
cointegration measures. In contrast, other studies have
suggested a two-way causal relationship between economic growth and energy consumption [6, 7]. There is
obviously a lack of consensus regarding whether the relationship between economic growth and energy consumption is a one-way causality, a two-way causality, or
is completely unrelated, linearly or nonlinearly. Understanding the relationship between economic growth and
energy consumption is important, however, for helping
governments make sound policy decisions.
In recent years, international concern about global
warming and climate change has escalated [8–10]. A
major contributing factor to this problem is the increasing level of greenhouse gas carbon dioxide (CO2) worldwide, resulting from the combustion of fossil fuels such
as coal, natural gas, and oil for energy and transportation
[11]. According to the 2018 report by British Petroleum
(BP), CO2 emissions from energy consumption showed
little or no growth in 2014–2016 but increased by 1.6%
in 2017. It is therefore necessary for all countries to play
their part in balancing the need to supply the energy the
world needs for growth and prosperity, with the reduction of CO2 emissions. Grippa, Schmittmann, and
Suntheim identified that sustainable economic growth
reflects the increasing recognition of governments that
climate change impacts on financial stability, resulting in
urgent calls for research into the economic costs of CO2
emissions [12].
The 2030 Agenda for Sustainable Development
Goals (SDGs), adopted by the United Nations member states in 2015, provides a blueprint for inclusive
and sustained economic growth along with shared
prosperity and decent work for people in all countries, taking into account their own set of competencies and resource endowments [13]. There exists a
sense of urgency about the goals of economic growth
and sustainable development, and there is great
consistency and synergy in policy measures. Because
fossil fuels are not a sustainable energy source, economic growth must be aligned with changes in energy
supply and consumption patterns. Within this transition, most countries face the dual task of improving
energy efficiency while reducing CO2 emissions, but
the options available to developed versus developing
countries are substantially different [14, 15]. The
focus of developed countries is to improve energy efficiency, whereas developing countries face the greater
challenge of transitioning their energy structure from the
consumption of coal to the increased use of natural gas
and electricity while continuing to rely on fossil fuels.
The 2018 Global Energy and CO2 Status Report prepared by the International Energy Agency (IEA) [16],
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states that global demand for energy increased by 2.1%
in 2017, compared with 1.2% the previous year, and 0.9%
on average over the previous 5 years. People’s Republic
of China and India accounted for more than 40% of this
growth. On the other hand, Price, Waterhouse, and Coopers (PWC) [17] have suggested that emerging countries
will progressively increase their share in the overall
GDP. The world economy is projected to grow at an annual average rate of 2.6% between 2016 and 2050, and
this growth is expected to be primarily driven by sevenemerging (E7) developing countries: Brazil, India,
Indonesia, Mexico, the People’s Republic of China,
Russia, and Turkey. The projected annual growth rate of
these countries is 3.5% over the next 40 years, compared
with an annual average growth rate of 1.6% for the developed G7 countries: Canada, France, Germany, Italy,
Japan, the UK, and the USA.
Hawksworth and Cookson [18] coined the term E7 to
describe a group of developing countries with the fastest
growing populations, which are worldly integrated, with
the goal of becoming economically as strong as the G7
countries. By 2014, the E7 countries had already passed
the G7 nations in terms of purchasing power parity [19].
Subsequently, PWC predicted that the E7 countries would
be 75% larger than the G7 nations in purchasing power
parity terms by 2050. Whether measured by CO2 emissions or energy consumption, the E7 countries are playing
a larger role in the world energy market (see Fig. 1). In
2018, they represented 47% of the world’s population,
accounted for 26% of the global GDP, and captured more
than 40% of the global energy consumption. An example
is the People’s Republic of China, which in 2005 embodied
27% of the global demand for energy, a percentage that is
expected to rise to nearly 40% by 2050. In addition,
whether measured by total or per-capita share of CO2
emissions, each E7 country ranked among the world’s top
20th highest CO2 polluters in 2016.
Developing economies, such as the E7, remain particularly
prone to risks resulting from climate change due to their
rapidly increasing levels of energy consumption and the effects of the resulting CO2 pollution [12]. Knowledge of the
causal relationship and the direction between economic
growth, energy consumption, and CO2 emissions (3E) is of
paramount importance to policymakers. Since E7 countries
have evolved into influential worldwide economic powerhouses, it is necessary to underscore their true 3E relationship. The phenomenal economic growth experienced by the
E7 countries in the last 20 years has helped reduce the gap
between them and the G7 countries. In fact, PWC pointed
out that the weight of the global economy has systematically
shifted towards the E7 countries. Coincidentally, the People’s
Republic of China and India stand at the forefront of technological progress and should exert catalytic leading roles
resulting from the growth of their energy sectors [14].
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Fig. 1 Energy consumption in E7 countries (1965–2017). Source: BP Statistical Review [20]

This study fills the gap in current literature in several
ways. First, it represents the E7 countries covering their
1990–2014 period. The main reason for choosing this
specific sample period is that data before the 90s are not
fully reliable across E7 countries. Secondly, it looks for
the longitudinal cointegration and causality relationships
among 3E by using the bootstrap autoregressive distributed lag (ARDL) bound test. It therefore adds new empirical evidence to the ongoing debate on the 3E
relationship. There are indeed studies on the 3E relationship for some isolated countries within the G20 [21],
as well as their nexus for India or Turkey [22, 23]. There
is, however, limited research on the 3E relationships of
the E7 countries as a subset. The existing research has
mainly used traditional time series, panel data analysis,
or even the standard ARDL model [24, 25]. As mentioned in Pesaran et al. [26], these methods do not consider the two degenerated cases. Hence, our research
uses the bootstrap ARDL bound test to avoid the drawbacks that may provide misleading information for policymakers. At the same time, long-run cointegration and
short-run Granger causality relationships of 3E can be
extracted from bootstrap techniques. Our findings confirm the presence of cointegration between economic
growth, energy consumption, and CO2 emissions at the
time we also validate the cointegration and causal relationships for all E7 countries.
This research makes novel contributions in other aspects as well. First, unlike existing cointegration or causality tests, we use the bootstrap ARDL bound method to

test long-term cointegration relationships. It does not
need to distinguish independent variables from
dependent ones, so the method can also be used for a
two-way verification, such as x → y or y → x. In
addition, the bootstrap ARDL bound test generates critical values to test degradation in the ARDL model.
McNown et al. [27] proposed two degenerate cases without cointegration relationships, in which only one degenerate case is tested by its critical value. They initially
proposed this method to not only solve endogeneity
problems, but also find degradation cases, eliminating
the possibility of uncertain inference.
The remainder of the paper is structured as follows.
The “Literature review” section unveils the novelty of
the topic and presents the literature review. The “Data
and methodology” section reports the data collection,
describes the statistics, introduces the traditional ARDL
model, and details the bootstrap ARDL bound test. The
“Results and discussion” section presents the empirical
results of the unit root tests, the bootstrap ARDL cointegration test with structural breaks, and the Granger
causality tests and identifies the economic implications
and policy recommendations. Finally, the “Conclusions”
section reports the main conclusions.

Literature review
Three general categories of literature focus on the relationships between economic growth, energy consumption, and CO2 emissions. The first addresses the
relationship between CO2 emissions and economic
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growth, mainly regarding whether such relationship conforms to the environmental Kuznets curve (EKC) hypothesis. This hypothesis states that there is an inverted
U-shaped relationship between certain pollutants and
per-capita income [28]. Dinda [29] provides a comprehensive review of the EKC literature alongside Soytas
et al. [30] and Iwata et al. [31] in relation to CO2 emissions. Studies on the EKC hypothesis have reached three
different conclusions on CO2 emissions. One confirms
the “inverted U shape theory” [32, 33]. The second, however, postulates a long-term relationship between CO2
emissions and per-capita income and states that it is not
an inverted U but an N or other shape [34, 35]. The
third, known as the non-existence theory, claims that
there is no relationship between the two [36–38]. The
main problem with these early studies on EKC is that
they are potentially subject to an omitted variable bias.
This occurs when a statistical model leaves out one or
more independent variable(s) that influences the
dependent variable and correlates with one or more of
the included independent variable(s) [39]. Alternatively,
other scholars have studied the causality between economic growth and CO2 emissions. Salahuddin et al. [40]
found a two-way Granger causal relationship between the
two factors, whereas Omri et al. [41] found just a one-way
Granger causality running from CO2 emissions to economic growth in some European, Central Asian, and Latin
American and Caribbean countries. In recent years, different measurements and econometric methods have drawn
contradictory conclusions for various countries.
The second category of literature, advanced by Kraft
and Kraft [3], concerns the relationship between energy
consumption and economic growth. Ozturk [42] suggests that there are four general types of relationships
therein. The first, the growth hypothesis, predicts that
energy consumption will cause economic growth, meaning that energy protection policies may stifle GDP [39,
43, 44]. The second, the protection hypothesis, claims
energy consumption has no effect on economic growth,
and that energy conservation policies do not necessarily
have a negative effect on actual GDP [4–46]. The third,
the feedback hypothesis, states that energy consumption
and economic growth have a complementary interaction
with each other [47–49]. Finally, the neutral hypothesis
suggests that energy consumption does not correlate
with economic growth, meaning that energy conservation policies would have limited influence on economic
growth [15, 36, 42].
The third category of research has studied 3E relationships. Soytas et al. [30] introduced energy consumption
into the relationship between GDP and CO2 emissions
to circumvent a potential omitted variable bias. These
results show that, in the USA, income does not cause
CO2 emissions, but energy consumption does. Apergis
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and Payne [6] found that for six Central American countries over the period 1971–2004, long-term equilibrium
in energy consumption had a positive and statistically
significant effect on CO2 emissions, while real GDP exhibited an inverted U-shape associated with the EKC hypothesis. Pao and Tsai [50] studied Brazil, Russia, India,
and the People’s Republic of China (BRIC) from 1971 to
2005. Their findings suggest that, except for Russia in
1990–2005, there was a bidirectional strong causality between energy consumption and CO2 emissions, and a bidirectional mild long-run causality between energy
consumption and GDP. They also found a strong shortrun unidirectional causality between CO2 emissions and
energy consumption as well as GDP.
Extant studies have indeed surveyed much of the 3E
relationships through various econometric techniques
across continents and regions. Table 1 summarizes the
results found for several countries since 2010. It becomes clear that research on the 3E relationships has
been widely scrutinized via methodologies including
panel cointegration tests [8, 10, 15, 52, 53] and nonlinear
causality tests [51]. In terms of surveying cointegration
and causality between macroeconomic variables for
small samples, panel data analysis seems to be the
method of choice.
Another econometric approach is the ARDL bound
test proposed by Pesaran et al. [26]. Using this method,
Jalil and Mahmud [55] investigated the causality between
CO2 emissions and economic growth using time series
data pertaining to 1975–2005 for the People’s Republic
of China. The results show that a one-way causality runs
from economic growth to CO2 emissions. Ozturk and
Acaravci [23] examined the long-run and causal relationship of 3E in Turkey over the period 1968–2005.
Their results show the existence of a long-run relationship between the variables, but neither CO2 emissions
nor energy consumption cause GDP. Asongu et al. [24]
revisited the 3E relationship in 24 African countries
using a panel ARDL approach. They found the presence
of a long-run relationship among 3E where causality
runs from GDP and CO2 emissions to energy consumption. However, there were no short-run causalities from
CO2 emissions to GDP, from GDP to energy consumption, or from energy consumption to GDP. Magazzino
[56] looked at the relationship among GDP, CO2 emissions, and energy use in South Caucasus countries and
Turkey over the 1992–2013 period using a time series
ARDL approach and uncovered a long-run relationship
between these variables. Alam et al. [57] examined the
impacts of income, energy consumption, and population
growth on CO2 emissions, using time series data from
1970 to 2012, for Brazil, India, Indonesia, and the People’s Republic of China. Their results showed that both
GDP and energy consumption have a positive effect on
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Table 1 The 3E nexus found for various countries, 2010–2018
Authors

Variables

Region

Period

Methodology

Findings

Pao and Tsai [50]

CO2, EC, GDP

BRIC countries

1971–2005

VECM; VAR

- Bidirectional strong Granger causality between EC and CO2
output
- Bidirectional mild long-run relationship between EC
and GDP
- Causality running from EC to GDP in the short-run
- Strong negative causality running from CO2 output
to GDP

Wang et al. [10]

CO2, EC, GDP

28 Provinces in the
People’s Republic
of China

1995–2007

Panel cointegration;
panel VECM

- Bidirectional causality between CO2 and EC, also
between EC and GDP
- EC and economic growth are the long-run causes
for CO2 emissions
- CO2 emissions and economic growth are the
long-run causes for EC

Wang et al. [51]

GDP, EC, CO2

People’s Republic of
China

1978–2012

Linear and nonlinear
causality

- Linear and nonlinear unidirectional causality from CO2
emissions to GDP
- Linear and nonlinear bidirectional causality between
EC and CO2 emissions
- Unidirectional linear causality from EC to GDP
- Nonlinear unidirectional causality from GDP to EC

Magazzino [52]

GDP, EC, CO2

South Caucasus
and Turkey

1992–2013

Panel VAR

- CO2 has a negative effect on energy use
- Real GDP has no effect on energy use
- Energy use has no effect on real GDP

Chen et al. [8]

CO2, EC, GDP

188 countries

1993–2010

Panel cointegration;
VECM

- Long-run relationships between GDP, EC, and CO2 for all
countries
- EC negatively affects GDP in the world as a whole and
developing countries, but not in developed countries
- Unidirectional causality from EC to CO2 exists both on
developing and developed countries

Magazzino [53]

GDP, EC, CO2

19 APEC countries

1960–2013

Panel VAR

- No long-run relationship between GDP, EC and CO2
- No causal relationship between real GDP and energy
use
- Causal relationship exist between GDP and energy
in 9 countries

Mirza and Kanwal [54]

GDP, EC, CO2

Pakistan

1971–2009

ARDL; VECM

- Short-run, long-run, and strong Granger causality
results indicate bidirectional causalities among EC,
GDP, and CO2 emissions

Doğan [15]

CO2, FD, EC, GDP

E7 countries

1990–2014

Panel cointegration

- No long-term relationship between CO2 emissions
and FD
- Positive effect of EC on CO2 emissions
- Positive effect of economic growth on CO2 emissions
in long-term

Pao and Chen [21]

CO2 EC, GDP

G20

1991–2016

Panel cointegration

- Long-run equilibrium relationship among CO2 emissions,
consumption of fossil fuels, GDP, and clean energy
consumption

Note: ARDL autoregressive distributed lag procedure, EC energy consumption, FD financial development, VAR Vector Autoregressive Model, VECM Vector Error Correction Model

CO2 emissions in these four countries. McNown et al.
[27] pointed out that the ARDL bound test has the advantage of solving endogeneity problems and eliminating
the possibility of inconclusive inference.
Hereafter, an increasing number of studies began using
the bootstrap technique and causality based on the
ARDL model. Examples include Goh et al.’s study on the
energy consumption-economic growth relationship for
22 OECD countries [58], and Lin et al.’s study on the
coal consumption, CO2 emissions, and economic growth
nexus for the People’s Republic of China and India [59].
However, despite the abovementioned advantages, no research using the bootstrap ARDL bound test has been
carried out on the E7 countries. Most studies on the 3E
relationship identify a positive cause-and-effect relationship between CO2 and energy consumption, especially
those focusing on developing countries [8, 10, 24, 45, 52,
55]. Unfortunately, the results lack sufficient strength for
verification of a linear or nonlinear causality between

CO2 emissions and economic growth or between energy
consumption and economic growth, in order to confirm
the EKC hypothesis.

Data and methodology
The three variables used in this study are per-capita GDP
in constant 2010 US$, per-capita total primary energy
consumption in a kilogram of oil equivalent (kgoe), and
per-capita CO2 emissions in metric tons (mt). These variables are examined for the E7 countries over the period
1971 to 2014, except for Russia (1992–2014) because of
data irregularities. Data for all sampled countries were obtained from the World Development Indicators1 of the
World Bank. Logarithms were applied to all variables to
ameliorate heteroscedasticity issues. The inter-quartile
1

World Bank Indicators (WBI), see more details: https://databank.
worldbank.org/source/world-development-indicators
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range (IQR) shows the absence of outliers for the variables
(see Table 2).
We used the bootstrap ARDL model to examine the
nexus among economic growth, energy consumption,
and CO2 emissions for the E7 countries. The bootstrap
ARDL bound test with structural breaks uses the
principle of self-regression and multiple loop calibrations
to approximate the time series data for verification of
the expected results.
Unit root test

Time series analysis requires firstly performing the unit
root test to check whether the collected data is stationary, in order to avoid false regressions. A steady state
means that statistics such as the mean and variance do
not change over time. In other words, the selfcovariance and the variance are fixed finite constant
values. We applied the augmented Dickey–Fuller (ADF),
Phillips and Perron (PP) [60], Elliott et al, (DF-GLS)
[61], and the Kwiatkowski–Phillips–Schmidt–Shin
(KPSS) [62] unit root tests for LGDP, LEC, and LCO2.
In addition, we also used the Zivot and Andrew (Z-A)
unit root test [63] which allows for breaks at a point in
the intercept term and/or the line trend items [63], as
well as the Lee and Strazicich (LS) [64] unit root test
with two structural breaks to strengthen the validity of
the univariate unit root tests.
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ARDL bound test [26] has a time series of mixed integration sequences that is defined as:
yt ¼ a þ

k
X
i¼1

k
X
i¼1

βi xt−i þ

l
X
j¼1

ψ j Dt; j þ μt

ð1Þ

In the case of an exogenous weak regression, these regression factors are not affected by the variables in the
long-run. The model neither precludes the existence of
cointegration between regressions nor assumes that the
dependent variable of the regression exhibits short-term
Granger causality.
The ARDL model with three variables is:
yt ¼ a þ
þ

k
X
i¼1

l
X
j¼1

αi yt−i þ

k
X
i¼1

βi xt−i þ

k
X

δ i zt−i

i¼1

ψ j Dt; j þ μt

ð2Þ

where i and j are the indicators of the lag period, i = 1,
2,…, k; j = 1, 2,…, k. t represents time t = 1, 2,…, T. The
yt in the equation is the interpreted variable and xt is the
explanatory variable; Dt,j is a dummy variable. The error
term is μt, and Eq. (2) is rewritten and expanded in an
error correction representation as:
Δyt ¼ γ 0 þ

Bootstrap ARDL bound test

The ARDL bound test allows a better understanding
of the cointegration of the series in the model. A
Monte Carlo simulation was used to estimate the size
and power characteristics of endogeneity. The asymptotic threshold of the simulation has only a small effect. If the re-sampling process is applied properly,
the pilot-to-test ratio is determined, and the asymptotic check in the ARDL bound test based on the size
and power characteristics performs better. The
asymptotic threshold describes the extension of the
validation framework under an alternative degradation, as well as the threshold itself generated by the
bootstrap ARDL bound test that is based on the
Granger causality test. The standard Granger causality
determines the direction of the short-term causal relationship. If y is due to a variable, no agreement is
found between y and x. The Granger causality test of
x → y should only include the hysteresis difference of
x. If there is a cointegration relationship between the
variables, then the dependent and independent variables form a fixed linear combination. The hysteresis
term can be considered as I (0), and the Granger
causality test of x → y should include the hysteresis
difference of x and the hysteresis level of x. The

αi yt−i þ

þ

k−1
X
i¼1

k−1
X
i¼1

γ 1 Δyt−i þ

γ 3 Δzt−i þ

k−1
X
i¼1

l
X
j¼1

γ 2 Δxt−i

γ 4 Dt; j þ θ1 yt−1

þ θ2 xt−1 þ θ3 zt−1
where

θ1 ¼ −ð1−

Pk

i¼0 αi Þ; θ 2

ð3Þ
¼

Pk

i¼0 βi ; θ 3

¼

Pk

i¼0 δ i ;

other parameters are the function values of the original
parameters in Eq. (2).
According to Pesaran et al. [26], the cointegration test
needs to be an F test or a t test. The following assumptions are made:
H0: θ1 = θ2 = θ3 = 0 or H0:θ1 = 0
McNown et al. [27] proposed adding the original
ARDL model to a lag period for independent variables
where the null hypothesis is θ2 = θ3 = 0. Doing this creates more complete conditions for testing the cointegration relationship proposed by Pesaran et al. [6]. Then,
the following three null hypotheses must be rejected:
The null hypothesis error term F1 is tested as H0: θ1 =
θ2 = θ3 = 0.
The t test for the lag dependent variable is H0: θ1 = 0.
The F2 test for the lag independent variable is H0: θ2 =
θ3 = 0.

3.469

0.166

Kurtosis

IQR

0.277

2.726

0.342

0.201

0.049

0.953

0.430

0.482

0.769

2.065

0.545

0.474

5.863

7.406

6.321

6.442

0.378

2.184

0.471

0.255

5.591

6.457

5.900

5.923

LEC

0.749

1.825

0.064

0.465

0.626

1.975

− 0.168

0.429

8.214
6.690

7.562

− 0.252
0.548

7.484

− 0.298

− 1.012

LGDP

Indonesia
LCO2

0.690

1.511

− 0.223

0.371

5.694

6.784

6.385

6.295

LEC

0.791

2.195

− 0.207

0.531

− 1.107

0.940

0.058

− 0.039

LCO2

0.193

2.805

− 0.750

0.144

8.612

9.162

8.980

8.974

LGDP

Mexico

0.105

4.294

− 1.533

0.183

6.685

7.414

7.286

7.217

LEC

0.103

4.472

− 1.556

0.161

0.855

1.471

1.340

1.301

LCO2

1.843

1.749

0.171

1.038

5.471

8.717

6.849

6.922

LGDP

0.656

2.349

0.704

0.466

6.142

7.713

6.656

6.778

LEC

0.886

2.177

0.426

0.589

0.041

2.023

0.865

0.933

LCO2

People’s Republic of China

0.484

1.477

0.019

0.272

8.614

9.376

8.958

9.005

LGDP

Russia

0.163

1.946

0.165

0.083

8.289

8.585

8.419

8.429

LEC

0.114

2.937

0.660

0.081

2.315

2.638

2.421

2.438

LCO2

0.478

2.087

0.216

0.348

8.177

9.496

8.788

8.800

LGDP

Turkey

0.463

2.068

− 0.224

0.358

6.100

7.369

6.843

6.806

LEC

0.576

2.246

− 0.461

0.444

− 0.123

1.502

0.981

0.864

LCO2

Note: LGDP, LEC, and LCO2 represent per-capita real GDP, per-capita energy consumption, and per-capita CO2 emissions all in logarithm form, respectively. The descriptive statistics are based on the differences in the
logarithms of each variable

0.201

2.720

0.173

0.386

6.571

7.303

0.185

8.539

Min.

− 0.194

9.386

Max.

6.898

6.926

Skewness

9.032

Std. dev.

9.039

LGDP

Median

India

LCO2

LGDP

LEC

Brazil

Mean

Economic
variables

Table 2 Summary statistics

Tong et al. Energy, Sustainability and Society
(2020) 10:20
Page 7 of 17

Tong et al. Energy, Sustainability and Society

(2020) 10:20

Based on three null hypotheses, McNown et al. [27]
explain two degenerates of Pesaran et al. [26]. The two
degeneration cases are as follows:
Degenerate case #1. The F1 test and the t test for
the lag dependent variable are significant, but the F2
test for the lag independent variable is not
significant.
Degenerate case #2. The F1 and F2 tests for the lag
dependent variable are significant, but the t test for the
lag dependent variable is not significant.
Pesaran et al. [26] excluded degeneration case #1, and
if they did not consider the integration order of the
dependent variable, it must be I (1). To solve this problem, McNown et al. [27] used the bootstrap ARDL
bound test as an additional test of the lagging independent coefficient. If there is a cointegration relationship between the dependent variable and an independent
variable, the above three virtual hypotheses will simultaneously be rejected, and the interpreted and explanatory variables will be stable linear coincidences.
If, after testing the long-term 3E relationships, we find
no cointegration relationships between y, x, and z, we
use the Granger causality test for x and z, which should
include the difference in hysteresis on x or z. We test γ2
= 0 or γ3 = 0 in Eq. (3). However, if there is cointegration between the dependent variable and the independent variable, this means that they form a fixed linear
combination. In this case, the short-term relationship
test should include the hysteresis difference of x or z
and the hysteresis level of x or z; that is, test γ2 and θ2
orγ3 and θ3.

Results and discussion
Unit root test

As mentioned, a prerequisite of the bootstrap ARDL
bound test is the performance of unit root tests to
verify the three variables are stationary. We used the
ADF, DF-GLS, PP, and KPSS tests to achieve such a
task. Table 3 reveals that all variable sequences were
no more integrated than I (1) with the ADF, DF-GLS,
and PP tests. However, the KPSS test for LGDP for
the People’s Republic of China and the LEC and
LCO2 for Russia does reject the null hypothesis of
stationarity. Similarly, Tables 4 and 5 present the results of the Z-A and LS unit root tests. Table 4 reports the stationarity of variables employed in level
and first differences where a break at a point in the
intercept and/or the slope of the trend function is allowed.
All variables are I (1) process or less. Table 5 shows the
variables rejecting the null hypothesis that the series has a
unit root on first difference. We therefore conclude they
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are all stationary at either I (0) or I (1), which is consistent
with the premise of bootstrap ARDL bound test.2
Bootstrap ARDL cointegration test with structural breaks

The bootstrap ARDL bound test provides a better
insight into the cointegration status of the series when
structural breaks are identified [27]. We followed Bai
and Perron [65] to determine the structural breaks in
the equation for each country. Multiple breakpoints
were plugged into the ARDL model as dummy variables.
Table 6 reports the estimation and testing of Eq. (3)
using the bootstrap ARDL bound test. Each ARDL equation passed all diagnostic tests for autocorrelation, nonnormality, and heteroscedasticity. These lag lengths were
determined using the AIC. The F1*, F2*, and t* columns
present values for the 0.10 significance level, generated
by the ARDL bootstrap procedure. The bootstrap ARDL
bound test allows for the renormalization of the ARDL
equation to treat every series as a dependent variable. A
degenerate case #2 exists for Indonesia and the People’s
Republic of China where energy consumption serves as
the dependent variable, and Mexico where GDP serves
as the dependent variables, since the F1 and F2 tests for
the lagged dependent variable were significant but their
t tests were not. For the People’s Republic of China,
Indonesia, Mexico, and Turkey, no cointegration was
found for economic growth, energy consumption, or
CO2 emissions. Evidence of cointegration was found for
Brazil when CO2 emissions are the dependent variable
and for India and Russia when energy consumption was
the dependent variable.
Granger causality tests

Table 7 shows the long-term causality tests on Brazil,
India, and Russia based on the cointegration analysis.
The results show that economic growth has a positive
Granger causality effect on energy consumption only
for India, implying that its economic growth will
largely be accompanied by increasing energy consumption in the long-run. Table 8 and Fig. 2 present
the short-run Granger causality results between economic growth, energy consumption, and CO2 emission for the E7 countries. There is evidence of a firm
short-run Granger causality from energy consumption
to economic growth for Brazil, India, Indonesia,
Mexico, and Turkey. Short-run Granger causality
from CO2 emissions to economic growth is present
for all E7 countries, suggesting that even though no
cointegration exists when economic growth is the
2

We performed multiple linear and nonlinear unit root tests to
improve the alleged deficiency of the univariate unit root tests and to
identify unknown structural breaks. These results available upon
request were all consistent.

Note: Asterisks

Turkey

Russia

,

*** **

− 1.4611 (1)
− 2.3137 (1)
− 2.1944 (1)
− 2.5831 (0)
− 2.5851 (0)
− 2.3089 (0)
− 2.4336 (0)
− 1.7598 (0)

− 1.3500 (1)
− 2.2675 (1)
− 3.1829 (1)
− 4.0600 (0)**
− 3.9379 (0)**
− 2.2229 (0)
− 2.9710 (0)
− 2.9952 (0)

LCO2

LGDP

LEC

LCO2

LGDP

LEC

LCO2

LCO2

LEC

LEC
− 1.5464 (1)

− 1.1455 (0)

− 2.6150 (0)

LGDP
− 1.4732 (0)

− 1.9435 (0)

− 2.8202 (0)

LCO2

− 3.1892 (1)

− 1.4495 (0)
− 2.3167 (2)

− 1.2409 (0)
− 3.7588 (1)**

LEC

− 2.2049 (0)

− 2.3342 (1)

LGDP

− 1.7373 (0)

− 2.5628 (1)

LCO2

− 1.8144 (0)

− 1.3863 (3)

− 0.2063 (0)

LGDP

− 0.5646 (0)

− 1.3653 (0)

LEC

− 2.9864 (3)

− 3.0543 (1)

− 2.3966 (1)

− 3.9379 (2)**

− 4.7772 (2)

− 3.4788 (2)

− 1.5660 (3)

− 0.8771 (3)

− 3.6616 (3)*

− 2.1412 (1)

− 2.5758 (1)

− 2.8974 (2)

− 2.9585 (3)

− 1.2409 (0)

− 2.1648 (1)

− 2.0078 (3)

− 0.3839 (3)

− 1.3299 (3)

0.1540 (3)

1.1781 (3)

− 4.6491 (0)
− 7.0476 (0)

− 6.6989 (0)

− 6.6613 (0)***

***

***

− 4.3947 (0)***

− 5.5857 (0)

− 5.0686 (0)

− 4.8594 (3)
***

***

− 2.9842 (0)***
***

− 3.3132 (0)*

− 2.9837 (0)***

− 2.2988 (0)

***

− 3.3568 (0)*

**

***

− 2.4446 (0)

**

**
**

− 4.1830 (0)***
− 3.4539 (0)

− 4.3604 (0)***

***

− 7.8209 (0)

***

− 5.1506 (0)***

− 5.1826 (0)***

***

− 5.3440 (0)

***

− 5.9762 (1)***

− 3.4145 (0)

0.9260 (3)***

0.9327 (3)

− 6.5387 (0)

− 6.0189 (1)***

***

− 6.6338 (0)
***

− 4.8759 (0)***

− 3.8233 (0)***

0.1689 (0)**
0.9429 (2)

− 6.1957 (0)

− 4.8001 (0)***

***

− 6.3012 (0)
***

− 4.2217 (0)***

− 3.7419 (0)**

0.1674 (2)**

0.5752 (3)

0.1484 (2)

− 3.7990 (0)

− 6.1489 (0)***

***

− 7.9501 (0)
***

− 2.6677 (1)***

− 4.7184 (0)***

**

0.1855 (3)**

0.1815 (2)**

0.5729 (3)

**

0.6575 (3)**

0.7749 (2)

***

1.4971 (2)***

***

1.1831 (3)***

0.8395 (5)

***

0.1728 (3)**

0.2185 (2)

***

0.1193 (3)*

− 5.4056 (0)

LGDP

and * indicate the 1%, 5% and 10% levels, respectively

People’s Republic of China

Mexico

Indonesia

India

− 2.0561 (3)
− 2.2599 (3)

***

− 5.5424 (0)

− 1.5446 (0)
− 2.5969 (2)

− 1.6069 (0)
− 2.1627 (2)

***

− 2.2785 (1)**

DF-GLS

− 4.7558 (0)***

LCO2

**

0.8022 (3)***

LEC

KPSS

ADF

PP

− 1.8728 (0)

− 3.3939 (0)*
− 3.3855 (3)*

DF-GLS

ADF

LGDP

Brazil

At first difference

At level

Variables

Countries

Table 3 Univariate unit root tests

***

− 6.6666 (3)***

− 6.7042 (3)

− 6.8309 (3)

***

− 3.3132 (0)*

− 3.3568 (2)*

− 2.3641 (1)

**

− 3.4620 (1)**

− 3.7255 (1)**

− 4.3309 (3)***

− 7.7964 (1)

***

− 5.1826 (0)***

− 5.3012 (3)

***

− 6.0182 (3)***

− 6.6734 (4)

***

− 4.7678 (2)***

− 6.3295 (3)

***

− 6.2067 (3)***

− 7.9501 (0)

***

− 4.7184 (0)***

− 5.5424 (0)

***

− 4.7003 (2)***

PP

0.1299 (5)

0.1314 (3)

0.0866 (2)

0.3598 (2)*

0.3821 (2)*

0.3231 (2)

0.1172 (0)

0.0819 (3)

0.1215 (2)*

0.0709 (0)

0.1108 (1)

0.2574 (0)

0.2978 (3)

0.1645 (0)

0.1354 (1)

0.2011 (0)

0.0811 (3)

0.0410 (3)

0.0974 (3)

0.1317 (2)

0.2139 (0)

KPSS
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Intercept (lag) break year

− 7.014 (0) 1997***
− 5.494 (0) 1997

− 4.671 (1) 1998
− 4.009 (2) 2000
− 3.626 (2) 1980
− 3.133 (0) 1993
− 4.066 (0) 2001
− 3.532 (0) 2001
− 7.589 (1) 1998

− 4.595 (1) 2007 *
− 3.244 (2) 2007
− 3.756 (2) 1981
− 2.818 (0) 1979
− 2.931 (0) 2007
− 2.505 (0) 1998
− 8.807 (1) 1998

LEC

LCO2

LGDP

LEC

LCO2

LGDP

***

− 5.980 (0) 1990***
− 4.562 (1) 1982
− 4.120 (1) 1983
− 4.551 (0) 1978
− 4.637 (0) 1983
− 3.374 (1) 1979
− 4.141 (1) 1997
− 4.651 (1) 1997
− 4.936 (1) 2009*
− 3.800 (0) 1997
− 3.680 (0) 1997
− 3.459 (0) 2001
− 4.210 (0) 1986
− 4.380 (0) 1985

***

− 5.034 (0) 1990**
− 4.362 (1) 1998
− 3.365 (1) 1979
− 4.261 (0) 1978
− 3.722 (0) 1978
− 3.666 (1) 2005
− 4.574 (1) 2003
− 4.114 (1) 2003
− 4.536 (1) 2009
− 4.178 (0) 2003
− 4.059 (0) 2003
− 3.209 (0) 1979
− 4.365 (0) 1979
− 4.343 (0) 1985

LEC

LCO2

LGDP

LEC

LCO2

LGDP

LEC

LCO2

LGDP

LEC

LCO2

LGDP

LEC

LCO2

− 6.177 (0) 1984***

− 6.524 (1) 1979***
− 6.642 (0) 1982***
***

− 6.998 (0) 1981***

− 6.679 (0) 1978

− 6.940 (0) 1982***
***

− 6.576 (0) 1981***

− 4.987 (0) 1999*

− 5.706 (0) 1999***

− 4.910 (0) 2000*

− 5.235 (0) 2002**

− 6.799 (0) 1978***

− 6.510 (0) 2003

***

− 4.304 (0) 1996

− 4.666 (0) 1996

***

− 4.216 (0) 1999

− 4.454 (0) 2002

− 4.699 (0) 2002

− 5.783 (0) 2003***

− 5.111 (0) 1986**
**

− 5.008 (0) 1978

− 9.456 (0) 1983***

− 9.563 (0) 1983***

− 6.538 (0) 1982

− 6.687 (0) 1982***

− 6.579 (0) 1982***

− 6.364 (1) 1980

− 7.416 (0) 1990***
***

− 6.512 (0) 1998***

− 7.357 (0) 1986***

***

− 7.084 (0) 1997***

− 7.213 (0) 2006***

***

− 7.162 (0) 2004

− 8.274 (0) 2004***

− 8.054 (0) 1979***

− 5.514 (0) 1980

− 6.778 (0) 1983***

***

− 6.638 (0) 1984***

Trend and intercept (lag) break year

− 6.537 (0) 1980***

− 6.047 (0) 1981***

Trend and Intercept (lag) break year

Intercept (lag) break year

LGDP

At first difference

At level

Variables

Note: Asterisks ***, **, * indicate the 1%, 5% and 10% significance levels, respectively. The numbers in parentheses represent the optimal lag length for Z-A test

Turkey

Russia

People’s Republic of China

Mexico

Indonesia

India

Brazil

Countries

Table 4 Zivot and Andrew unit root tests

Tong et al. Energy, Sustainability and Society
(2020) 10:20
Page 10 of 17

Tong et al. Energy, Sustainability and Society

(2020) 10:20

Page 11 of 17

Table 5 Lee and Strazicich LM unit root tests results on first difference
Countries
Brazil

India

Indonesia

Mexico

People’s Republic of China

Russia

Turkey

Variables

Intercept

Trend and Intercept

Test statistic (lag)

TB1

TB2

Test statistic (lag)

TB1

TB2

LGDP

− 3.418 (0)*

1977

1979

− 7.362 (4)***

1978

1981

***

LEC

***

− 5.160 (4)

1979

2006

− 7.045 (4)

1979

1987

LCO2

− 5.491 (0)***

1978

1982

− 5.883 (0)***

1979

1982

LGDP

***

− 4.616 (1)

1983

1987

− 8.031 (0)

1977

1980

LEC

− 4.737 (3)***

1984

1994

− 6.374 (3)**

1997

2007

***

LCO2

***

− 4.721 (1)

1996

2000

− 6.797 (0)

1976

1990

LGDP

− 5.646 (0)***

1979

1995

− 9.588 (1)***

1995

1999

**

LEC

***

− 6.212 (0)

1977

1982

− 6.745 (1)

1988

1994

LCO2

− 6.105 (1)***

1986

1999

− 6.862 (1)***

1986

2008

**

LGDP

***

− 6.483 (0)

1977

1981

− 7.304 (4)

1979

1987

LEC

− 5.077 (0)***

1977

1979

− 6.545 (4)**

1980

2000

***

LCO2

***

− 7.969 (0)

1977

1980

− 9.657 (0)

1977

1982

LGDP

− 4.431 (2)***

1976

1988

− 5.983 (5)*

1986

2003

LEC

− 4.151 (0)

1977

2009

− 7.656 (3)

1988

2000

LCO2

− 3.851 (3)**

1993

1997

− 6.330 (3)*

1993

2000

***

***

***

LGDP

**

− 3.806 (0)

1998

2007

− 11.61 (5)

2003

2007

LEC

− 4.033 (4)**

2001

2007

− 6.262 (2)**

1997

2007

***

LCO2

***

− 4.901 (2)

1997

2009

− 6.772 (2)

1997

2007

LGDP

− 5.423 (0)***

1977

1979

− 7.521 (4)***

1992

1998

1977

1987

1977

1985

**

LEC

***

− 6.549 (0)

1977

2005

− 6.887 (0)

LCO2

− 6.576 (0)***

1978

2003

− 6.516 (0)**

***

Note: Asterisks ***, ** and * indicate the 1%, 5% and 10% significance levels, respectively. Numbers in parentheses represent the optimal number of lag terms,
break date, test statistics, and critical t values. TB1 and TB2 represent time break 1 and time break 2

dependent variable, CO2 emissions and energy consumption are still important short-run determinants
of economic growth for them.
Similarly, short-run Granger causality exists from energy consumption to CO2 emissions across all E7 countries except Indonesia, and from economic growth to
CO2 emissions for Brazil, India, Mexico, and the People’s
Republic of China. Regarding energy consumption,
Granger causality is observed from economic growth to
energy consumption for Brazil, India, Indonesia, Mexico,
and the People’s Republic of China in the short-run, and
from CO2 emissions to energy consumption for all E7
countries.
Economic implications

There is cointegration between energy consumption,
economic growth, and CO2 emissions for Brazil, India,
and Russia, but not for Indonesia, Mexico, the People’s
Republic of China, and Turkey. Evidence of cointegration is found for Brazil when CO2 emissions are the
dependent variable, which suggests that economic
growth and energy consumption are the main factors of
increased CO2 emissions. As for India and Russia, cointegration exists when energy consumption is the

dependent variable, which suggests that economic
growth is the main determinant of increased energy consumption in the long-run. However, no cointegration is
found when economic growth serves as the dependent
variable, which means neither energy consumption nor
CO2 emissions can account for the economic growth for
the E7 countries in the long-run. The Granger causality
based on the bootstrap ARDL bound test confirms a bidirectional causality relationship between energy consumption and CO2 emissions for all E7 countries except
Indonesia, which is consistent with the fact that energy
consumption does produce CO2 emissions.
The economic implications of the above results are
that energy consumption, as the main cause of CO2
emissions, has led to the emergence of global warming
and the need for developing countries to use energy
more efficiently. These countries should follow energy
conservation and energy efficient policies to control CO2
emissions. As representatives of developing countries, an
increase in CO2 emissions compels E7 countries to develop stringent policies on energy consumption. In
addition, they should consider implementing CO2 taxation strategies, transforming to renewable energy, and
promoting the use of new sources of energy. These

0.939
1.439

(LEC|LCO2|LGDP)

(LCO2|LGDP|LEC)

9.542

(LCO2|LGDP|LEC)
1.537

14.826

(LGDP|LEC|LCO2)

1.744

(LGDP|LEC|LCO2)

(LEC|LCO2|LGDP)

5.155
2.973

(LEC|LCO2|LGDP)

(LCO2|LGDP|LEC)

3.201

(LCO2|LGDP|LEC)
0.934

4.082

(LGDP|LEC|LCO2)

4.309

(LCO2|LGDP|LEC)

(LGDP|LEC|LCO2)

3.238
0.775

(LEC|LCO2|LGDP)

(LEC|LCO2|LGDP)

0.575

0.467

(LCO2|LGDP|LEC)

(LGDP|LEC|LCO2)

7.820

3.950

3.657

3.414

42.776

3.283

13.258

3.173

2.965

3.371

4.625

4.858

2.848

3.643

3.004

3.210

4.194

4.643

2.760

4.087

2.747

3.178

F1*

− 2.248

− 1.003

1.289
2.024

− 2.498
− 0.372

− 1.555
1.487

8.919
1.129

− 1.326
− 2.336

− 2.579
1.636

1.687
17.601

− 2.609
− 1.671

1.935

4.451

7.022

− 1.923

1.183
1.351

− 2.422

0.680

4.458

− 2.828

− 3.306

− 0.561
2.260

− 2.046

− 0.114

1.151

3.956

0.840

− 2.310

− 1.065

0.314
0.688

− 0.893

− 1.925

− 0.444

0.240
8.944

− 2.306

− 2.917

− 1.152

− 3.103
− 2.267

− 1.188

− 0.097
− 0.399

− 2.786

− 1.179

0.848

− 1.456

0.810
− 3.132
8.599

4.459

− 1.585

− 2.798

F2

t*

t

4.933

4.592

4.108

21.066

3.131

5.368

3.669

3.244

3.800

2.798

6.421

3.071

4.476

3.272

3.752

5.435

5.918

2.964

4.913

2.788

3.287

F2*

D72, D86, D95, D05

D73, D87, D96, D06

D75, D90, D05

D95, D06

D95, D06

D04, D07

D77, D85, D93, D03, D09

D77, D87, D94, D03, D09

D84, D94, D05

D78, D01

D79, D99

D79, D98

D77, D91, D01, D07

D78, D90, D00

D79, D90, D06

D83, D90, D96, D07

D85, D95, D02, D08

D88, D98, D07

D77, D96, D09

D77, D97, D07

D77, D04,

Dummy variables

No cointegration

No cointegration

No cointegration

No cointegration

Cointegration

No cointegration

No cointegration

Degenerate case #2

No cointegration

No cointegration

No cointegration

Degenerate case #2

No cointegration

Degenerate case #2

No cointegration

No cointegration

Cointegration

No cointegration

Cointegration

No cointegration

No cointegration

Result

Note: F1 is the F statistic for the coefficients of y (− 1), x1 (− 1), and x2 (− 1). F2 is the F statistic for the coefficients of x1 (− 1) and x2 (− 1); t denotes the t statistic for the coefficient of y (− 1). D## refers to the dummy
for that year
*Significance at the .10 level based on critical values generated from the ARDL bootstrap bound test

Turkey

Russia

People’s Republic of China

Mexico

Indonesia

3.445

(LGDP|LEC|LCO2)

(LEC|LCO2|LGDP)

1.451
5.738

(LEC|LCO2|LGDP)

(LCO2|LGDP|LEC)

India

3.087

(LGDP|LEC|LCO2)

Brazil

F1

Dependent variable|independent
variable

Country

Table 6 Results for bootstrap ARDL cointegration test
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Table 7 Long-run causality test
Country
Brazil

LCO2

LGDP

LEC

LCO2

F statistics (p value) (sign)

F statistics (p value) (sign)

F statistics (p value) (sign)

2.136213/[0.1536] (–)

2.460071 / [0.1266] (+)

––

India

LEC

5.297746 /[0.0328] (+)

––

1.561488/[0.2266] (+)

Russia

LEC

0.352065/[0.5640] (–)

––

0.699432/[0.4193] (+)

**

Note: Asterisk ** indicates the 5% significance level
Square brackets indicate the characterization factor of the p value. No cointegration and its causality test involve only lag variables

countries can also address global warming and climatic
instability by setting realistic mitigation commitments of
CO2 emissions.
The Granger causality test supports, for Brazil and
Mexico, the presence of a positive bidirectional causal
relationship between energy consumption and CO2
emissions, and a negative bidirectional causal relationship between CO2 emissions and economic growth.
These results support the conventional belief that energy
consumption and economic growth closely interact with
each other and confirm the fact that Brazil and Mexico
are energy-dependent economies. These countries require supply-side energy infrastructure policies and energy conservation policies to prevent further
environmental degradation. The results also reveal a bidirectional causal relationship between energy consumption and CO2 emissions.
India portraits bidirectional causal relationships between energy consumption and economic growth, economic growth and CO2 emissions, and CO2 emissions
and energy consumption. However, our results do not
support the presence of reverse relationships. As in the
case of Brazil and Mexico, India is an energy-dependent
economy that faces the complex task of conserving energy to reduce CO2 emissions while stimulating economic growth.
Indonesia depicts a negative bidirectional causality between energy consumption and economic growth. Its
current shortage of energy consumption for construction, manufacturing, and transportation is restraining future economic growth. The unidirectional relationship
running from CO2 emissions to energy consumption
and economic growth compels the enactment of conservation policies to reduce end energy consumption.
The People’s Republic of China shows bidirectional
causalities between energy consumption and CO2 emissions, and CO2 emissions and economic growth along
with a unidirectional causality from economic growth to
energy consumption. There are bidirectional causalities
between economic growth and CO2 emissions. Empirical
evidence reveals that environmental degradation has a
causal impact on economic growth, while a persistent
decline in environmental quality explains the severe
negative externalities that surround declines in productivity. It is imperative for the People’s Republic of China

to take urgent action to decrease CO2 emissions by reducing its demand for energy. Similarly, Russia exemplifies a positive bidirectional Granger causality between
CO2 emissions and energy consumption as well as a
negative unidirectional Granger causality from CO2
emissions to economic growth. Turkey presents a positive bidirectional Granger causality of CO2 emissions
and energy consumption like the People’s Republic of
China and Russia, while there is a unidirectional Granger
causality from energy consumption and CO2 emissions
to economic growth. These energy-dependent economies need supply-side energy infrastructure policies
and energy conservation policies compatible with a sustainable economic growth.
This research found an inextricable unidirectional or
bidirectional short-run causality between economic
growth and CO2 emissions for all E7 countries. Brazil,
India, and Russia showed long-run relationships between
energy consumption and economic growth in respect of
CO2 emissions, when the latter is the dependent variable. In Brazil, India, and Mexico, CO2 emissions would
decrease over the time when GDP increases. Thus, it
can be argued that these three countries may decide not
to take any significant actions to impact economic
growth in order to reduce their CO2 emissions. However, in the case of Indonesia and the People’s Republic
of China, where CO2 emissions and economic growth
were found to have a positive relationship, an increase in
GDP will not reduce CO2 emissions.
As for the Granger causality between energy consumption and economic growth, energy consumption
Granger-cause economic growth in Brazil, India,
Indonesia, Mexico and Turkey is consistent with the fact
that these developing countries are at their industrialized
stage. It also supports the “energy led-growth hypothesis” which predicts that, more often than not, energy
protection policies are bound to stir economic growth.
There was also an indication of economic growth
Granger-cause energy consumption in Brazil, India,
Indonesia, Mexico, and the People’s Republic of China.
This suggests that if economic growth increases energy
consumption, the externality created out of energy use
will ultimately reverse into economic growth. Under this
circumstance, conservation policies are urgently
required.
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Table 8 Results for Granger causality test based on ARDL model
Country
Brazil

India

Indonesia

Mexico

People’s Republic of China

Russia

Turkey

LGDP equation

LEC equation

LCO2 equation

F statistics (p value)

F statistics (p value)

F statistics (p value)

LGDP

––

2.405635*/[0.0800] (+)

3.767159**/[0.0177] (–)

LEC

8.200355***/[0.0005] (+)

––

8.665529***/[0.0004] (–)

***

LCO2

8.047049 /[0.0017] (–)

LGDP

––

***

––

***

10.01860 /[0.0002] (+)

2.494419*/[0.0842] (–)
59.24849***/[0.0000] (+)

9.973761 /[0.0005] (+)

LEC

38.67256 /[0.0000] (+)

––

LCO2

3.277671**/[0.0338] (+)

4.296970**/[0.0126] (–)

––

LGDP

––

2.728564*/[0.0827] (–)

0.485877/[0.6202] (no)

LEC

2.471449*/[0.0768] (–)

––

1.661532/[0.2009] (no)

LCO2

3.369837**/[0.0303] (+)

2.825815*/[0.0769] (+)

LGDP

––

***

––

*

2.641577 /[0.0607] (+)

6.732778***/[0.0012] (–)

LEC

29.22243 /[0.0000] (+)

––

4.472803***/[0.0090] (+)

LCO2

4.520791***/[0.0084] (–)

5.014765***/[0.0053] (–)

––

LGDP

––

5.734735**/[0.0227] (–)

10.60359***/[0.0027] (+)

LEC

0.109901/[0.9534] (no)

––

7.015114***/[0.0016] (+)

***

***

––

**

LCO2

6.805757 /[0.0019] (–)

4.463740 /[0.0130] (+)

LGDP

––

0.575145/[0.5843] (no)

0.828062/[0.4711] (no)

LEC

0.091798/[0.7671] (no)

––

30.43173***/[0.0000] (+)

LCO2

6.120302**/[0.0293] (–)

26.29907***/[0.0000] (+)

––

LGDP

––

1.556601/[0.2136] (no)

1.348327/[0.2815] (no)

––

12.64742***/[0.0001] (+)

***

LEC

12.47108 /[0.0001] (+)

LCO2

***

––

***

30.21155 /[0.0000] (+)

9.017897 /[0.0001] (+)

Note: Asterisks ***, ** and * indicate the 1%, 5% and 10% significance levels, respectively
Square brackets indicate the characterization factor of the p value. No cointegration and its causality test involve only lag variables

The bootstrap ARDL bound test enabled an understanding of the long-term relationship among the 3E
variables and used this relationship to predict changes in
CO2 emissions and energy consumption in the E7 countries over time. Similarly, the 3E relationship must be

LGDP

LGDP

LCO2

LEC

considered in light of the particular conditions of each
country, because each country presents a unique composite of social, legal, economic, political, and technological characteristics. The empirical results provide
policymakers with a better understanding of the linkages
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LEC
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LGDP
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Fig. 2 3E Granger causality relationships for E7 countries
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between economic growth, energy consumption, and
CO2 emissions to fine-tune their energy policies.
Policymakers should aim to improve energy efficiency
based on a robust infrastructure that will enable businesses and households to use fossil fuels to generate
clean energy. Their countries need to upgrade their
high-cost/low-efficient energy technologies used for
manufacturing goods to more efficient and less energydependent ones, in order to create a better environment
and to promote societal changes. Specifically, these
countries must invest in renewable energy and the promotion of technology transfers, to facilitate the generation of renewable energy.

Conclusions
In recent years, the economic growth–energy consumption–environment trinity has become a key issue for
scholars and policymakers. Increased demand for energy
and the subsequent CO2 pollution make both developed
and developing countries vulnerable to the effects of global warming and climate change. This compels governments to create policies which aim to reduce CO2
emissions while concurrently creating new knowledge
and expertise to supply the energy that is required for
growth and development. However, while the worldwide
effort is to achieve more efficient use of energy, E7
countries face a more substantial challenge. They have
the task of achieving economic growth while simultaneously improving the efficiency of their energy consumption, reducing environmental pollution, and promoting
CO2 emission-reduction strategies.
The political drive to take action against global warming is a sine qua non condition for both developed and
developing countries. This motivates the creation and
enactment of policies to produce environmentally sustainable energy and regulation of CO2 emissions resulting from the combustion of fossil fuels. It is, at the same
time, the most questioned climate-friendly energy policy.
This is because some countries see CO2 emissions as an
irreversible threat to the planet while others, with poor
environmental records, see it as an unfounded exaggeration lacking in any scientific evidence. The result of this
conflict of attitude is an international diplomatic deadlock between proactive and lukewarm nations regarding
the amelioration of CO2 emissions and promotion of
sources of renewable energy. Such an impasse is compounded in the E7 countries by the sheer complexity of
their environmental problems and pollution issues, the
relatively high cost of carbon sequestration technologies,
and the lack of mandatory enforceability. Consequently,
unless the E7 nations secure an efficient infrastructure
for energy conversion to adequately deliver various
forms of clean energy at affordable prices, they will all
fail to meet one of the most fundamental sustainable
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development goals advanced by the United Nations, that
of reaching net zero CO2 emissions by 2030.
Prior to this study, no research using the bootstrap
ARDL bound test had been carried out on the E7 countries and only limited research existed on the direction
of the causal relationship between economic growth, energy consumption, and CO2 emissions in general. This
paper has responded to the call for research that enables
governments to appropriately capture actual risk
through stress testing using novel research methodologies. It has filled the gap in current literature by revisiting the cointegration and causality relations of 3E in the
E7 countries with a distinctive variation of the bootstrap
ARDL bound model. The results show there is a significant long-run cointegration among economic growth,
energy consumption, and CO2 emissions, while evidence
for cointegration exists for Brazil, India, and Russia.
This study confirms the presence of Granger causality
from energy consumption to CO2 emissions. The global
warming consequences of CO2 emissions have made it
necessary for developed and developing countries to reduce fossil fuel consumption and promote the use of
clean energy. The one-way and two-way causalities between economic growth and CO2 emissions, energy consumption, and CO2 emissions, and energy consumption
and economic growth, also indicate that energy consumption is still growing in the E7 countries. Accomplishing significant global reductions in CO2 emissions
requires both the tradeoff of slower economic growth
and the achievement of coordinated sustainable environmental development. Standardization of research approaches would permit balancing out environmental
risks and steady growth, while allowing each government
to formulate specific energy development, CO2 reduction, and economic policies that encourage the use of renewable sources of energy while reflecting its own
country’s unique circumstances.
The results underscore the intertwined relationship
between economic growth–energy consumption–environment in the E7 countries. Future research should look
at identifying and quantifying the short- and long-term
benefits and costs of CO2 reduction and mitigation strategies. This would permit policymakers to design the institutional framework for unified national energy
standards, along with an assortment of subsidies and
taxes and building and transportation codes, before
making decisions on the alternatives available for disrupting the frequency and intensity of natural disasters
associated with CO2 emissions. These alternatives
should allow the E7 countries to move away from fossil
fuels and focus on alternative technologies, including
solar and wind as well as the development of low-carbon
power plants based on gas and steam turbines. This research is not exempt from some limitations. A case in
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point is the data collection which could have included a
much longer span time for each E7 country to capture
more precisely their 3E relationships. Further research
also needs to cast the net to a wider spectrum of wellknown global leaders of CO2 emissions to ensure these
results hold in nations with unique social, legal, economic, political, and technological characteristics. There
is still time for these governments to become more
forceful in their efforts to act in order to slow down the
pace with which our climate is changing around the
world.
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