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Abstract
Australia is the sixth largest country in the world, celebrating its 26th consecutive year without a recession. However,
the country is one of the ten largest emitters of greenhouse gases, mainly caused by energy use. As such, Australia is
facing a trade-off between economic growth and reducing carbon dioxide (CO2) emissions. This paper empirically
analyses the relationship between economic growth and CO2 emissions in Australia, based on annual data from 1965
to 2016, considering the consumption of the fossil fuels oil and coal and renewable energy. This analysis is performed
using the environmental Kuznets curve (EKC) and the Decoupling Index (DI). The EKC is assessed by employing the
autoregressive distributed lag model. In addition, a robustness check is provided through the vector error correction
model, which allows for the employment of the Granger causality test. The results show that in Australia, there is
evidence for the EKC hypothesis, and that the country is undergoing increasing relative decoupling. These results
mean that economic growth causes CO2 emissions and consequently environmental degradation. To achieve environ-
mental targets and reduce the rate of CO2 emissions while continuing to grow, Australia needs to implement measures
and policies to cut CO2 emissions, such as energy demand management and control, energy efficiency, reducing fossil
fuel consumption, and investing in renewable energy technology.

Keywords Australia . Environmental Kuznets curve . Decoupling index . Autoregressive distributed lag . Annual data . Carbon
dioxide emissions

Abbreviations
ADF Augmented Dickey-Fuller
ARDL Autoregressive distributed lag
CO2 Carbon dioxide
DI Decoupling Index
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DSM Demand-side management
ECM Error correction model
EKC Environmental Kuznets curve
FMOLS Fully modified ordinary least squares
GDP Gross domestic product
GHG Greenhouse gas
GT Gigatons
KPSS Kwiatkowski–Phillips Schmidt
Mt. Million tons
OECD Organization for Economic Co-operation and

Development
OLS Ordinary least squares
PP Phillips and Perron
RES Renewable energy
SIC Schwarz Information criterion
TP Turning point
VAR Vector autoregressive
VECM Vector error correction model
ZA Zivot and Andrews
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Introduction

Since the 1970s, it has been thought that economic growth
would be the main reason for environmental problems. The
question that came upwas whether there is a trade-off between
economic growth and environmental damage, or whether eco-
nomic growth can be compatible with environmental protec-
tion. Since the industrial revolution, the world’s economy has
relied heavily on fossil fuels and they remain the largest ener-
gy source worldwide. With the Earth Summit conference held
at Rio de Janeiro in 1992 and the Kyoto Summit in 1997,
greater emphasis started to be placed on environmental im-
pacts. Global warming is a threat to humanity and its preem-
inent cause is greenhouse gas (GHG) emissions, mainly com-
posed of carbon dioxide (CO2) emissions. Globally, the CO2

emissions from fossil fuel consumption and industrial pro-
cesses doubled between 1974 and 2014, increasing from
16.9 to 35.5 Gt, (BP, BP Statistical Review of World Energy
2015, 2015, BP press).

In the case of Australia, to the best of our knowledge,
studies analyzing CO2 emissions and economic growth are
scarce. Its trajectory of continuous economic growth, along
with some other particularities, make Australia an interesting
country to study. Indeed, this country has a free market econ-
omy with a high gross domestic product (GDP) per capita and
a low level of poverty. Between 1994 and 2004, Australia
recorded an annual average real GDP growth of 3.7%, higher
than the Organization for Economic Co-operation and
Development (OECD) average of 2.6%. In 2017, Australia
recorded its 26th consecutive year of continuous economic
growth (Rank et al. 2017). With respect to CO2 emissions,
in 2007, Australia was the world’s largest CO2 emission emit-
ter per capita. In 2010, it reached the amount of 403 million
tons (Mt), reducing to 400.2 Mt in 2015.

In terms of energy sources, Australia has extensive natural
resources, such as hydraulic, solar, and wind power as well as
reserves of fossil fuels (IEA 2012). In this country, the energy
sector plays a key role in the whole economy. Domestically,
coal, natural gas, and petroleum represent the main sources of
energy. In 2000, 95% of its main energy came from non-
renewable sources, with coal being the main source (Lastres
2007). Moreover, in 2011, it was the world’s largest exporter
of coal and in 2012 ranked ninth among the world’s largest
energy producers and was one of the three OECD exporters
(IEA 2012). Coal mining produces about 38% of GHG emis-
sions. Regarding energy consumption, oil products are the
main source of energy, with the transport sector being the
largest consumer.

The study of the complexity of the relationship between
economic growth and CO2 emissions motivated the use of
two different concepts: the environmental Kuznets curve
(EKC) and the Decoupling Index (DI). These concepts have
different characteristics. On the one hand, the EKC explains

two distinct phases of economic growth. In the first phase,
there is an increase in environmental degradation factors with
income. In the second phase, when a certain level of income is
reached, emissions start to decrease. The inverted U-shape of
the Kuznets curve illustrates the variation of CO2 emissions
alongside the increase in income. This concept emerged to
describe, over time and income, how pollution arises in a
country as a result of its economic development (Grossman
and Krueger 1991; Shafik and Bandyopadhyay 1992;
Panayotou 1993). On the other hand, the DI consists of ana-
lyzing the behavior of CO2 emissions. In other words, the DI
determines if CO2 emissions are increasing or decreasing and
if they are increasing faster or slower than the GDP. The DI
used in this study was proposed by the OECD (2002). Using
these two concepts, it is possible to reach conclusions about
the trajectory of CO2 emissions and GDP and determine
which is growing faster.

The main objective of this paper is to study the relationship
between economic growth and CO2 emissions, and to do this,
it intends to answer the following central questions: (I) Is the
EKC hypothesis verified in Australia? (II) How does the
decoupling index behave in Australia? (III) Does Australia
have a trade-off between economic growth and CO2 emis-
sions? To answer the central questions I and III, the
autoregressive distributed lag (ARDL) approach has been
used. Overall, this paper, using ARDL estimation, verifies
the EKC hypothesis and oil and RES consumption have a
positive effect on CO2 emissions. Furthermore, it concludes
that the behavior of the DI is a relative decoupling. In addition,
the vector error correction model (VECM) has been employed
as a robustness check of the ARDL model results. Through
VECM, the Granger causality test has been employed.

This paper contributes to the literature by exclusively study-
ing Australia, using a current approach, the ARDL model, and
studying the relationship between economic growth and CO2

emissions through two different concepts, EKC and DI, and
using the EKC with energy variables. There is no previous
individual study of this topic for the country. Furthermore, this
paper provides a robustness check with VECM.

From this point, the paper is organized as follows: the
BDebate^ section presents a literature review; the
BMethodology^ and BResults^ sections present the data used
and a complete description of the method used, and the ARDL
model results respectively; the BRobustness checks^ section is
dedicated to the robustness check; and the BDiscussion^ and
BConclusion^ sections present the discussion and conclusions,
respectively.

Debate

The environmental degradation resulting from the growth of
economies has become increasingly evident over the years. It
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has been the subject of numerous studies to understand its
underlying causes and how this phenomenon can be mitigat-
ed. In the first study, the aspect addressed was the relationship
between economic growth and energy consumption (Kraft
and Kraft 1978). Currently this topic continues to merit the
attention of the scientific community (Rafiq and Salim 2009,
2011; Gozgor et al. 2018; Shahbaz et al. 2018).

In the meantime, the studies began to analyze the relation-
ship between economic growth and the environment, and the
EKC was first proposed by Grossman and Krueger (1991).
Regarding the decoupling, the literature is more recent, and
naturally scarcer. This term was first used in environmental
studies in the early 2000s by Zhang (2000). The present paper
goes further and combines the two methods in order to relate
both results in order to drawmore comprehensive conclusions
regarding the relationship between economic growth and en-
vironmental degradation. The literature review for each indi-
vidual method is presented below.

Environmental Kuznets curve

The EKC was developed to study the relationship between
economic growth and environmental quality and had its origin
in the Binverted-U hypothesis^ developed by Kuznets (1955).
No formal theory was used for its development. Instead, it is
based only on the explanation that the initial economic growth
associated with increasing industrialization would increase
CO2 emissions, while income also increases. The inverted
U-shaped can be verified using CO2 emissions, but the curve
can also be obtained using other atmospheric pollutants and
national datasets (Holtz-Eakin and Selden 1995). The more
common atmospheric pollutant used, excluding the CO2 emis-
sions, are the GHG (Olale et al. 2018).

Over the years, the estimation of the EKC became more
complex and started to be extended by including variables
other than CO2 emissions and GDP, such as energy consump-
tion (e.g., Suri and Chapman 1998; Roca and Alca 2001;
Soytas et al. 2007; Apergis and Payne 2010), technology
(e.g., Lantz and Feng 2006), specifically renewable energy
sources (e.g., López-Menéndez et al. 2014), trade openness
(e.g., Farhani et al. 2014), a combination of several of these
(Ben Jebli and Ben Youssef 2015), and urbanization (Xu et al.
2018). Simultaneous to the extended version of the EKC,
there have also been development and application of new
techniques, such as dynamic estimation (Narayan and
Narayan 2010) and forecasts (Waslekar 2014; Robalino-
López et al. 2015).

In the literature on this topic can be found studies for coun-
tries individually or in groups, as well as empirical and theo-
retical studies. Examples of theoretical studies are Dinda
(2004), Stern (2004), and (Kaika and Zervas 2013). The first
two articles provide extensive review surveys of the economic
growth and environmental pollution nexus, and all of them

provide strong theoretical information about the EKC.
Recent surveys, such as those from Tiba and Omri (2017),
for the period 1978 to 2014; Moutinho et al. (2017), for
2001 to 2017; and Mrabet and Alsamara (2017), for 2002 to
2017, provide a fairly comprehensive summary of current
EKC literature.

The validity of the EKC hypothesis can vary according to
the country or countries studied. This means that there is no
consensus about the relationship between economic growth
and environmental degradation. For instance, Yan et al.
(2016) separate countries by income level, and Ozokcu and
Ozdemir (2017) performed two models, one for the OECD
countries and another for emerging countries. Considering
the lack of consensus, it is possible to find studies that confirm
the validity of the EKC and others that do not. In a few exam-
ples, the EKC hypothesis is verified by Bouznit and del P.
Pablo-Romero (2016), while authors such as Al-Mulali et al.
(2015) and Ben Jebli and Ben Youssef (2015) do not find
evidence for the EKC hypothesis.

The methodology used also differs in the literature; the
authors Riti et al. (2017) employed the ARDL model, fully
modified ordinary least squares (FMOLS), dynamic ordinary
least squares (DOLS), and VECM. As the EKC is a long-run
concept (Brown and McDonough 2016), the ARDL model is
the approach most commonly used in the literature (Ali et al.
2015; Bölük andMert 2015; Bouznit and del P. Pablo-Romero
2016; Mrabet and Alsamara 2017).

The EKC can also have political and policy implications. In
order to achieve a long-run solution for climate change, the
economic challenges for consumers, companies, and regula-
tors must be considered (Brennan 2010). The EKC canmake a
very significant contribution to policy and policy makers, due
to the information it provides about the impact of economic
growth on the environment. Policies should be geared towards
conserving the environment.

Decoupling index

The concept of DI arose from the dilemma between economic
prosperity and environmental damage. In the early of 2000s,
decoupling began to be used in environmental studies to char-
acterize the relationship between economic activity and envi-
ronmental degradation. After that, it was presented as an indi-
cator by the OECD (2002). According to the OECD, the em-
ployment of the decoupling in environmental studies is to
break the linkage of Beconomic goods^ and Benvironmental
bads.^ The DI gained popularity in the literature because it is a
simple calculationmethod that is also a reasonable indicator of
policy accomplishments.

Over the years, several decoupling indicators have been
developed, which analyze the relationship between environ-
mental pressures and economic growth (Tapio 2005; Wang et
al. 2013). It is worthwhile to note two references which bring
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synthetases in this field. The first one, the article by Conte
Grand (2016), compares the decoupling indicators most com-
monly used in the literature. The other article, by Wu et al.
(2018), presents a considerable number of articles of the com-
mon decoupling method used. The article Wang et al. (2018)
presents an updated literature review divided into skeptical,
non-skeptical, and progress of decoupling.

In general, the literature shows that absolute decoupling
tends to occur with greater frequency in upper-, middle-, and
high-income countries, while developing countries tend to
have a minor occurrence of decoupling events (Kojima and
Bacon 2009). The use of the DI has some limitations, and the
literature warns about them. For example, the decoupling con-
cept does not capture the effect of environmental externalities
(OECD 2002). Furthermore, the DI is more effective when
combined with other methods, such as econometrics
(Climent and Pardo 2007; Mazzanti and Zoboli 2008).

The decoupling index can be employedwith different types
of environmental pressure and different variables of economic
activity. For example, the author Hong Wang (2011) studies
the relationship between economic development and energy
consumption, whose results are classified as decoupling or re-
coupling and subclassified according to the signs of the chain
index of energy consumption and the chain index of GDP.
Another example is the study developed by Q. Wang et al.
(2016), which used industrial growth and carbon emissions to
analyze the behavior of the DI in Taiwan. For there, they

concluded that there was a negative decoupling from 2007
to 2009 and a decoupling from 2009 to 2013. The phenome-
non of negative decoupling occurs when the carbon intensity
increases. Contrarily, the phenomenon of decoupling occurs
when the carbon intensity decreases. The carbon intensity cor-
responds to the ratio between industrial carbon emissions and
total industrial output. One more example, for different types
of environmental pressure, is the analysis by Yu et al. (2017),
which uses economic growth and six different environmental
pressure indicators, namely CO2 emissions, energy consump-
tion, SO2 emissions, soot, waste water, and solid waste. The
authors conclude that during the period of 1999–2010, the DI
indicated an absolute decoupling between economic growth
and emissions of SO2, soot, and waste water, while for total
energy consumption, CO2 emissions and solid waste, the DI
revealed a relative decoupling.

Methodology

Methodology

In this section, the variables used in this study are presented, as
well as their measurement, data sources, and the descriptive
statistics. In addition to this, the preliminary analysis
employed on the variables is presented, and the method and
concepts used are explained.

Data

The time span under analysis ranges from 1965 till 2016, thus
covering 52 years. The period chosen was determined by the
availability of data. The following table (Table 1) describes the
variables, their sources, and units of measurement:

The variables COAL, OIL, and RES were transformed into
percentages of primary energy consumption, in order to re-
duce the correlation between the variables. Posteriorly, all var-
iables were transformed into their natural logarithms (prefix
BL^) to obtain the growth rates of the respective variables by
the i r d i f fe renced logar i thms and to reduce the

Table 1 Variables
Variable
description

Description Source

GDP Gross Domestic Product (constant LCU) World Development Indicators

RES Renewable energy (Mtoe) BP Statistical Review ofWorld Energy 2017

CO2 CO2 emissions (Mt) BP Statistical Review ofWorld Energy 2017

OIL Oil consumption (Mt) BP Statistical Review ofWorld Energy 2017

COAL Coal consumption (Mtoe) BP Statistical Review ofWorld Energy 2017

Mtoe millions of tons in oil equivalent, Mt million tons, Constant LCU local currency unit

Table 2 Descriptive statistics

Mean Max. Min. Std.
Dev

JB Obs.

LCOAL_P 3.7129 3.9247 3.4573 0.0983 9.9366 52

LOIL_P 3.6779 3.9285 3.5233 0.1392 6.5355 52

LRES_P 1.5921 2.3699 1.3359 0.2369 36.2929 52

LGDP 27.347 28.1389 26.4498 0.4913 2.8461 52

LGDP2 748.0953 791.7969 699.5914 26.8623 2.8743 52

LCO2 5.5782 6.0248 4.7347 0.3643 3.8814 52

Max.maximum,Min.minimum, Std. Dev. standard deviation, JB Jarque-
Bera, Obs observations
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heteroscedasticity phenomenon. The Table 2 presents the de-
scriptive statistics:

After transforming the variables and analyzing the descrip-
tive statistics, the next step was to determine the variables’
integration order. The next subsection presents the results of
the unit root tests.

Preliminary analysis

To assess the integration order of the variables, the traditional
unit root tests were employed, namely, ADF (Dickey and Fuller
1981), PP (Phillips and Perron 1988), and KPSS (Kwiatkowski

et al. 1992). In both the ADF and PP tests, in contrast to what
happens in theKPSS test, the null hypothesis is that the variable
is not stationary (has a unit root). The following table shows the
results of the traditional unit root tests:

By observing Table 3, it is possible to conclude that all
variables are stationary in differences, so they are I (1).
However, structural breaks were observed, which may be a
limitation for the traditional unit root tests. For this reason, the
Zivot and Andrews (1992) (ZA) structural unit break test
(Table 4) was performed.

The unit root test with structural breaks contains infor-
mation on the existence of breaks in the series, referring

Table 4 Results Zivot and
Andrews unit root tests (1 lag) (a) Break point (b) Break point (c) Break point

LGDP − 4.6400* 1998 − 3.9856 2008 − 4.6679 1998

DLGDP − 4.8899* 1993 − 5.2682*** 1976 − 5.7126*** 1984

(LGDP)2 − 4.6645* 1998 − 3.9373 1992 − 4.6043 1998

D(LGDP)2 − 4.9235* 1993 − 5.2504*** 1976 − 5.7097*** 1984

LCO2 − 4.0219 2008 − 4.2740* 2007 − 4.3319 2007

DLCO2 − 7.5315*** 1975 − 7.2726*** 1981 − 8.1865*** 1984

LOIL_P − 4.9559** 1980 − 6.3317*** 1989 − 5.7917*** 1991

DLOIL_P − 4.7589* 1993 − 4.6414** 1980 − 5.1085** 1982

LCOAL_P − 4.4371 2009 − 4.5780** 2005 − 4.3519 2002

DLCOAL_P − 5.0004** 1975 − 4.9775*** 1981 − 4.9666* 1975

LRES_P − 0.6154 2008 − 2.9485 2002 − 2.824 2001

DLRES_P − 7.0890*** 1976 − 6.7542*** 1997 − 6.9425*** 1976

a intercept, b trend, c both

*10%; **5%; ***1%

Table 3 Results of unit root tests

ADF PP KPSS

(a) (b) (c) (a) (b) (c) (a) (b)

LGDP − 1.8045 − 2.6732 14.5014 − 1.6795 − 2.7573 12.3281 0.9779*** 0.0668

DLGDP − 5.4782*** − 5.7534*** − 1.3216 − 5.4927*** − 5.7742*** − 1.5274 0.2182 0.0897

(LGDP)2 − 1.5327 − 2.5629 14.5835 − 1.4296 − 2.6703 12.4187 0.9778*** 0.0687

D(LGDP)2 − 5.5660*** − 5.7612*** − 1.2838 − 5.5823*** − 5.7817*** − 1.5051 0.1746 0.0883

LCO2 − 5.8922*** − 2.7413 6.8404 − 5.8426*** − 2.6763 4.1735 0.9514*** 0.2167***

DLCO2 − 5.2990*** − 6.9194*** − 2.4656** − 5.3221*** − 6.9163*** − 3.6151*** 0.7635*** 0.1104

LOIL_P − 0.4558 − 1.6435 − 1.4663 − 0.6111 − 2.0317 − 1.2121 0.8297*** 0.1851**

DLOIL_P − 6.2041*** − 4.6315*** − 5.8224*** − 6.2596*** − 6.2597*** − 5.8224*** 0.1658 0.1631**

LCOAL_P − 0.9573 − 1.1842 − 0.9851 − 1.2712 − 1.4032 − 1.5740 0.2136 0.1369*

DLCOAL_P − 3.9403*** − 3.9708** − 3.8429*** − 3.8823*** − 3.9574** − 3.7713*** 0.2179 0.2094**

LRES_P 1.6376 0.9329 1.5186 1.3097 0.8435 1.1545 0.2795 0.2070**

DLRES_P − 5.2226*** − 5.8798*** − 5.0245*** − 5.2243*** − 5.8798*** − 5.0993*** 0.6450** 0.1647**

a intercept, b trend and intercept, c none,D first differences, ADF augmented Dickey-Fuller, PP Phillips-Perron,KPSSKwiatkowski–Phillips–Schmidt–
Shin

**5%; ***1%
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to the specific period when they occur. This information
can be used to apply dummies for the years when the test
identifies a break point. The structural break detection
was also employed for Australia by Salim and Bloch
(2009).

Through the results of the ZA test (Table 4), it is possible to
conclude that all variables are stationary in first difference in
the presence of structural breaks. This means that the ZA test
corroborates the traditional unit root tests and the variables are
I(1) even in the presence of structural breaks.

Considering the break points, the structural break in
1982 suggested by the ZA is corrected with an impulse
dummy in the model estimated. The other identified
breaks in the ZA test were not included in the model
due to the fact that they are not significant and do not
add explanatory power to the model.

However, for instance, the structural breaks detected
for DLOIL_P in 1980 and possibly in 1982 could be ex-
plained by the energy crisis of 1980s, the Boil glut.^ This
event could also explain the structural break detected for
DLCOAL_P, DLCO2, and DLGDP in 1981 and 1984,
considering that this event had consequences over some
years. This event could have had impact on GDP due to
the oil prices. Another example is the structural break
detected for DLRES_P in 1997 that could be explained
by the initiation of GreenPower, a government program.

When all information on variables is collected, it is possible
to employ the chosen model. The next subsection includes an
explanation of the characteristics of the ARDL approach that
are important for the data used, as well as the steps for verify-
ing the EKC and calculating the DI.

Method

In order to analyze the validity of the EKC hypothesis, the
ARDL method, developed by Pesaran et al. (2001), was
used. This being same methodology used, for instance, by
Acaravci and Ozturk (2010), Farhani et al. (2014),
Bouznit and del P. Pablo-Romero (2016), Ahmad et al.
(2017), and Pata (2018).

Autoregressive distributed lag

The ARDL approach is appropriate for handling these data
characteristics. As previously mentioned, the data spans
51 years and over this period, events occurred that need to
be tested in the model, and the ARDL model allows the ap-
plication of dummies without affecting the results. Moreover,
it is possible to treat endogeneity and provide unbiased long-
run estimation. The separation of the short- and long-run ef-
fects is also important for verifying the EKC hypothesis
(Ahmad and Du 2017).

The following equation represents the general unrestricted
error correction model (UECM) in its equivalent ARDL
bounds test:

DLCO2t ¼ cþ ∝1TRENDþ ∝2LCO2t−1 þ ∝3LGDPt−1

þ ∝4 LGDPt−1ð Þ2 þ ∝5LOILt−1

þ ∝6LCOALt−1 þ ∝7LRESt−1

þ ∑k
i¼1ω1iDLCO2t−1 þ ∑k

i¼0ω2iDLGDPt−i

þ ∑k
i¼0ω3iD LGDPt−ið Þ2 þ ∑k

i¼0ω4iDLOILt−i

þ ∑k
i¼0ω5iDLCOALt−i þ ∑k

i¼0ω6iDLRESt−i

þ εt; ð1Þ

where D indicates the first differences of variables, L is the
natural logarithm, ∝and ω are the coefficients of the explana-
tory variables, c is an intercept, t refers to the period in years
from 1965 to 2016, k is the number of observations, εt is a
white-noise error term, and DLCO2t − 1 represents the error
correction mechanism (ECM). The variables used in the equa-
tion are defined in Table 1.

The ARDL model was estimated with CO2 as a dependent
variable, analyzing the optimal number of lags required, as
well as the number of dummies. The significance of the pa-
rameters was observed and the residues were analyzed.

As previously mentioned, EKC shows the trajectory of
CO2with an increasing income level. This hypothesis is tested
through the signs of the coefficients and the elasticities obtain-
ed through an ARDLmodel. In order to verify the existence of
EKC, the elasticity and coefficient of GDP must be positive
and statistically significant, and the elasticity and coefficient
of GDP squared must be negative and statistically significant.
In short, the inverted U-shaped relationship, i.e., EKC, is sat-
isfied by the following condition: β1 > 0, β2 < 0, and β3 = 0. If
the signals found do not match with the earlier mentioned
condition, the relationship possibly found could be the U-
shaped relationship, that it is represented by the following
condition: β1 < 0, β2 > 0, and β3 = 0. In both conditions, β1
is the coefficient ofGDP, β2 is the coefficient ofGDP squared,
and β3 is the coefficient of GDP cubed. The validity of the
EKC hypothesis does not give information about the time line,
i.e., the years needed to achieve the turning point (TP).

The quality of the estimated model was assessed by using
diagnostic tests, namely, the Jarque-Bera normality test (in-
cluding Skewness, Kurtosis and Jarque-Bera), the Breusch-
Godfrey serial correlation LM test, the ARCH test for
heteroscedasticity, the Ramsey RESET test in order to model
specification, and the stability tests of CUSUM and CUSUM
squares.

The ARDL bounds test from Pesaran et al. (2001), with the
null hypothesis of there being no long-run relationship, was
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performed. Besides that, short-run semi-elasticities and long-
run elasticities were calculated. Semi-elasticities are derived
directly from the coefficients of the model variables in the
short run, and the elasticities are calculated according to the
following equation: [c(var)/c(ECM)] ∗ (−1) = 0. This equation
means that the coefficient number of the respective long-run
variable is divided by the coefficient of the ECM, and the ratio
is multiplied by − 1.

Decoupling index

Decoupling is a phenomenon that occurs when the growth rate
of environmental degradation is lower than that of economic
growth.

According to the OECD (2002), the decoupling ratio can
be estimated through the ratio between CO2 emissions and
GDP at an end and a beginning of the selected periods, which
is represented by the following expression (2):

Decoupling ratio ¼
CO2t
GDPt
CO2t−1
GDPt−1

ð2Þ

The results of the decoupling ratio are interpreted accord-
ing to the reference value 1 and it only has two possible re-
sults. On the one hand, if the ratio is less than 1, this indicates
the occurrence of decoupling. On the other hand, if the ratio is
greater than 1, then it indicates the existence of coupling.
When subtracted from 1, this represents the DI, which is de-
fined as

DI ¼ 1−

CO2t
GDPt
CO20
GDP0

ð3Þ

where 0 and t are the starting year and the final year of the
study, respectively. EPI is the indicator of global environmen-
tal pressure. The results of the index are evaluated as follows:

1. DI ≥ 1—there is strong decoupling (absolute decoupling).
This result shows that CO2 emissions decrease as the
economy grows. It is the most desirable effect for
economies.

2. 0 < DI < 1—there is a weak effect of decoupling (relative
decoupling). The CO2 emissions grow simultaneously
with the economy, with the economy growing at a faster
rate.

3. DI ≤ 0—the DI is negative and as such there is no
decoupling effect (coupling). The CO2 emissions grow
together with the economy, but emissions grow faster.

Results

Following the abovementioned path, this section shows the
results of the ARDL model estimation, as well as the diagnos-
tics tests carried out. Subsequently, the ARDL bounds were
calculated to analyze the cointegration or long-run relation-
ship between variables and semi-elasticities and elasticities.

ARDL model

To analyze the hypothesis of the inverted U-shaped EKC,
the ARDL model was calculated with the CO2 variable
as dependent and with the incorporation of the GDP
squared. As mentioned in the previous section, for the
EKC to occur, the coefficient of the GDP variable should
be positive, and the GDP squared coefficient should be
negative. The results of the model estimation are repre-
sented in Table 5.

The diagnostic tests confirm the normality of the residuals,
the rejection of both first- and second-order serial correlation,
the homoscedasticity of residuals, the proper specification of

Table 5 ARDL
estimation Variable Coefficient

DLGDP − 17.8624*
D(LGDP2) 0.3378*

DLOIL_P 0.3759***

DLRES_P − 0.0595*
LCO2(−1) − 0.2385***
LGDP(−1) 3.7311**

LGDP2(−1) − 0.0659**
C − 51.4049**
Time dummies

DU_1982 − 0.0354***
DU_2012 − 0.0470***
DU_2015 0.0471***

Diagnostic tests

ARS 0.7380

SER 0.0123

JB 0.9874

LM (1) 0.7378

(2) 0.4383

ARCH (1) 0.0903

(2) 0.3198

RESET 0.1191

The results are based on F-statistic

D first differences, DU dummy, () lag or-
der, ARS adjusted R-squared, SER S.E. of
regression, JB Jarque-Bera test, LM
Breusch-Godfrey test, ARCH ARCH test,
RESET Ramsey RESET test

*10%; **5%; ***1%
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the model, and that the parameters are stable during the period
considered. Beside this, the ECM is situated in the interval
between − 1 and 0 and has a fast speed of adjustment.

The ARDL model was estimated through an ordinary
least squares (OLS) regression, and the optimum lag
length was determined by the Schwarz Information crite-
rion (SIC), due to the fact that it is the most parsimoni-
ous criterion considering the sample size used. This lags
selection is employed in the ARDL regression, and the
number of lags is selected through the lowest value of
the SIC. Accordingly, the most parsimonious model is
that estimated in Table 5.

The structural breaks detected by ZA tests in 1982
were tested using a dummy in the model. Considering that
the ARDL model allows dummy application without af-
fecting the results, the dummy in 1982 revealed to be
statistically significant in the estimation. This structural
break could be explained by new institutions being set
up to integrate environmental and economic issues in the
early 1980s, and in the 1980s, there also occurred the
energy crisis oil glut that could be related with CO2 emis-
sions. In addition, other moments have shown to be rele-
vant, namely, 2012 and 2015. The first justified with the
introduction of the Carbon Pricing Mechanism, and the
second after the dissolution of the Carbon Pricing
Mechanism, a new plan was raised with its main tool
the Emissions Reduction Fund.

The ARDL bounds test was carried out by the F-statistic in
the Wald test. The non-existence of cointegration is the null
hypothesis. In other words, if the coefficients are equal to 0,
there is no long-run relationship.

By the analysis of Table 6, it is possible to conclude that the
coefficients of the model are different from 0, so there is a
long-run relationship (cointegration), i.e., the null hypothesis
is rejected.

Semi-elasticities and elasticities

As the ARDL method allows the analysis of direct and indi-
rect effects in elasticities, semi-elasticity with short-run coef-
ficients, and elasticities with long-run coefficients were calcu-
lated, as shown in Table 7.

The results show that an increase of 1% of the GDP
and of the GDP squared causes an increase of 15.65% and
a decrease of 0.28%, respectively, in CO2. In the short
run, by measuring the variation in percentage points, the
variation of OIL and GDP squared generates an increase
of 0.38 and 0.34 respectively, while GDP and RES gen-
erates a decrease of 17.86 and 0.06, respectively, in CO2.

Turning point

The inverted U-shape can be obtained with different environ-
mental pressure factors, i.e., not only through CO2 emissions
but also through emissions of other GHGs. However, the TP
varies for different types of environmental indicators. In addi-
tion to pollution indicators, social and political factors also
influence the verification of the EKC and the calculation of
the TP.

Taking into account the variables that were used in the
estimation of the model, the cointegration equation is present-
ed as follows:

LCO2t ¼ β1LYt þ β2LYt
2 ð4Þ

The long-run coefficients were used, and their signs
checked for verification of the EKC hypothesis. The estimated
long-run relationship betweenCO2 andGDP can be written as
follows:

LCO2 ¼ 3:4115LY− −0:0603LY2
� � ð5Þ

The TP is calculated using the following expression:

x* ¼ −
β1

2β2
ð6Þ

Taking into account the above expression, the TP was cal-
culated as follows:

x* ¼ 28:2877 ð7Þ

Table 6 ARDL bounds
test Value

F-Statistic k Bottom Top

8.2382*** 2 5.15 6.36

Critical values of Pesaran et al., (2001)

k number of long-run variables

***1%

Table 7 Semi-
elasticities and
elasticities

Semi-elasticities

DLGDP − 17.8624*
DLGDP2 0.3378*

DLOIL_P 0.3759***

DLRES_P − 0.0595*
Elasticities

LGDP 15.6455***

LGDP2 − 0.2763***

D first differences

*10%; ***1%
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As the variables have been transformed into their natural
logarithms, it is necessary to reverse the process to obtain the
actual value of GDP at which the TP occurs:

Log xð Þ ¼ 28:2877⇔x ¼ e28:2877⇔x

¼ 1; 928; 377; 323; 156:2 ð8Þ

The value 1928.38 thousand million corresponds to the
income required in order for CO2 to start its downward trajec-
tory. After this level of yield, a continuous GDP is verified
simultaneously with the reduction of CO2.

Decoupling (DI)

Following the DI developed by the OECD (2002), the index
was calculated for two different time intervals: initially for the
period 1965–2016, and then for 10-year intervals. The DI
calculated for the total period is important to evaluate the real
evolution of the country of the entire period studied. However,
considering the number of years of the data, the DI calculated
for the total period could omit several particular events. This
means that the global effect can accommodate several partial
effects in time. As such, in order to understand if the variables
had a linear behavior or if there were events that provoked
changes in variables in the short periods, the calculation for
10-year intervals is relevant also considering that 10 years
includes the phases of an economic cycle. Therefore, the DI
for 10-year intervals were calculated.

The DI calculated for the entire period resulted in a DI =
0.3367, which, according to Yu et al. (2017), falls within the
interval 0 < DI < 1 which corresponds to a weak decoupling or
relative decoupling effect. This effect consists of CO2 emis-
sions growing simultaneously with the economy, but at a
slower rate. For the DIs calculated for the 10-year intervals,
the following results were obtained.

According to the above interpretation, it can be concluded
from Table 8 that, in the first decade of this study, Australia
had a negative DI (DI < 0), which corresponds to a coupling
effect, i.e., the CO2 emissions increased simultaneously with
the economy, but at a faster rate. In the following decades, this
same effect did not occur. In this way, the economic growth
began to grow faster than the CO2 emission. Thus, a weak
decoupling effect or relative decoupling is verified, which

corresponds to the result obtained in the index calculated for
the total period.

Robustness checks

This section is intended to prove the robustness of the
results obtained with the ARDL model. For that, the
VECM was also used. This approach was carried out with
the objective of employing the Granger causality (Engle
and Granger 1987; Granger 1988) test to check the exis-
tence of causality from all variables to CO2 emissions. The
Granger causality tests is commonly used in the literature
together with the ARDL model to test the EKC hypothesis
(e.g., Farhani et al. 2014; Ben Jebli and Ben Youssef 2015;
Riti et al. 2017).

Thereupon, the first step was to determinate the optimal
number of lags through the vector autoregressive (VAR) mod-
el. The lag length criteria suggest that the optimal number of
lags is 1 lag, considering the SIC the most parsimonious for
the sample used. After that, the Johansen cointegration test
(Johansen 1988; Johansen and Juselius 1990) was applied.
Considering the same criterion used above, the SIC, the
Johansen test suggested one cointegrating vector between
the variables. The third step was to estimate the VECM. The
model used is the VECM instead of the VARmodel due to the
fact that the VAR model is unspecified in the presence of
cointegration.

Table 9 only presents the results of Granger causality with
CO2 emissions as dependent variables in line with the ARDL
model estimated.With the objective of confirming the validity
of the estimated VECM, the diagnostic tests have been
employed (Table 10), namely, the Jarque-Bera normality re-
sidual test, the autocorrelation LM test, and the White homo-
scedasticity test.

The Jarque-Bera test checks the normality of the residuals.
This test evidences the normality for all individual

Table 8 Decoupling
Index Period Value

1965–1975 − 0.0978
1975–1985 0.0686

1985–1995 0.0355

1995–2005 0.1728

2005–2016 0.1869

Table 9 Granger
causality tests Dependent variable

D(LCO2)

D(LGDP) 4.626232**

D(LGDP2) 4.622368**

D(LOIL_P) 2.711857*

D(LCOAL_P) 1.033679

D(LRES_P) 4.913579**

All 10.22344*

BAll^ means the Granger causality test set
for all independent variables

D first differences

*10%; **5%
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components. The autocorrelation LM test indicates that the
null hypothesis of no serial correlation is accepted up to 5
lags. Lastly, the White test with the no cross terms evidences
the non-heteroscedasticity. Hence, the model passes all the
diagnostic tests successfully.

The results obtained on the Granger causality test (Table
9), which has been employed through VECM, are in accor-
dance with the ARDL results. Indeed, the main result, the
validity of the EKC hypothesis, is reinforced by the exis-
tence of causalities from GDP and GDP of square to CO2

emissions. In addition, the effects observed in the ARDL
model, such as RES and OIL, have also been confirmed. In
short, VECM employment provides additional evidence of
the main finding of this research. In the following section,
all the results are discussed.

Discussion

This paper employed the ARDL model to provide empirical
evidence for the EKC hypothesis in Australia. In addition, the
VECM was employed as robustness for the results obtained
through the main approach. In line with Bilgili et al. (2016)
and Ben Youssef et al. (2016), the EKC hypothesis is con-
firmed for Australia. Regarding the decoupling index, for the
entire period, Australia had a relative decoupling. This result
means that CO2 emissions grew at the same time as the econ-
omy, but at a slower rate. When the decoupling index is cal-
culated by 10-year intervals, a coupling effect was obtained in
the first interval from 1965 to 1975, while in the following
decades, Australia experienced a relative decoupling.
Through a joint analysis of the results, that is the DI and the
EKC, it is possible to conclude that economic growth in
Australia causes CO2 emissions. Therefore, it is possible to
conclude that Australia is in the initial stage of the EKC and
has not yet reached the TP. This means that both variables,
CO2 and GDP, are increasing together.

The inverted U-shaped can be explained by the fact that
poorer people make less demands for environmental quality
but, as income increases, and people become richer, they de-
mand better environmental quality. This means that, after
reaching the TP, people are willing to pay for a cleaner envi-
ronment (Roca 2003). In the long-run, it is expected that
Australia will reach the TP and CO2 emissions will start to
decline, and the decoupling index will be greater than or equal
to 1, which means a strong decoupling effect (absolute
decoupling). This is inferred from the trajectory of the EKC
and the increasing value of the decoupling index since 1985.

The EKC confirmed for Australia could be explained by
the growing economy for several consecutive years but simul-
taneously also by the intensive energy consumption which
puts Australia in the ten largest emitters. In addition,
Australia faces a trade-off between economic growth and
CO2 emissions; this means that the growing economy implies
increasing CO2 emissions. In the long-run, this trend is ex-
pected to change, and the economy will continue to grow,
while the CO2 emissions will begin to decline. In order to
reduce CO2 emissions, it is important to understand which
energy sources have an impact on CO2 emissions.

Regarding RES, it has the smallest impact on CO2 emis-
sions. In Australia, this result can be explained by the limited
and reduced growth of renewable energy technologies
(Warren et al. 2016). Indeed, Australia is one of the few mem-
ber countries of the OECD whose share of RES in total pri-
mary energy supply (TPES) has been decreasing in the last
10 years. RES represented only 6% of TPES in 2000 and 5.6%
in 2010 (IEA 2012). Considering that the share of RES in
primary energy consumption is also small, this could explain
the trajectory of CO2, i.e., the small share of RES has a small
impact on the reduction of CO2 emissions.

Oil consumption is definitely a cause of CO2 emissions. An
increase in oil consumption provokes an increase on CO2

emissions, and this is explained by the fact that oil is the main
source of energy in Australia. Oil is the most-consumed fossil
fuel, corresponding to 37.8% of energy consumption in 2014–

Table 10 VECM diagnostic tests
Normality tests Autocorrelation LM

test

Component Skewness Chi-sq Kurtosis Chi-sq Jarque-Bera Lags LM-Stat

D(LCO2) 0.4147 1.4334 2.6305 0.2845 1.7179 1 31.8890

D(LGDP) −0.3788 1.1955 2.6408 0.2688 1.4643 2 26.5241

D(LGDP2) −0.3976 1.3172 3.0617 0.0079 1.3251 3 33.9814

D(LOIL_P) 0.1164 0.1129 3.0516 0.0056 0.1185 4 27.1818

D(LCOAL_P) −0.3909 1.2731 3.7251 1.0954 2.3685 5 24.8371

D(LRES_P) 0.1511 0.1902 3.5089 0.5395 0.7296

Joint 5.5222 2.2017 7.7239

White heteroscedasticity x2 (462) 380.3904
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2015, considering that the coal produced in Australia is largely
exported. In addition, coal consumption was also included in
the estimation, but the variable has no impact on CO2 emis-
sions. This result could be explained by the fact that since
2008, the share of coal in primary energy consumption suf-
fered a significant drop in Australia. In the long-run, OIL and
RES have no impact on CO2. On the one hand due to the fact
that if CO2 emissions start to decrease, oil consumption cannot
increase CO2 emissions. On the other hand, Australia must
increase their share of RES for it to contribute to CO2 reduc-
tion in the long-run together with energy efficiency measures.

Over the years, Australia has implemented and agreed
to many environmental policies and protocols, such as
the revision of the National Energy Efficiency Program
in 1990. This consisted of defining actions for the main
economic sectors, such as obtaining certification and
minimum standards of energy performance. Still in the
1990s, environmental protection legislation was passed to
promote ecologically sustainable development, and in
1997, the Kyoto Protocol was signed and later ratified
in 2007. Under the Copenhagen Accord and subsequent
Cancun agreements, Australia agreed to reduce emissions
to 80% below 2000 levels by 2050. On the one hand,
many measures implemented have been successful, while
on the other hand, earlier existing measures were not.
For example, directives for the electricity generation sec-
tor in 2000 in New South Wales, Australia, was put in
force the Load Based Licensing, which consist in set
restrictions on the pollutant loads emitted by the bearer
of environmental protection licenses. The study by
Contreras et al. (2014) concluded that the environmental
taxes were not enough for generators to reduce their
emission intensity.

As mentioned earlier, Australia should implement en-
ergy efficiency measures to reduce the long-run produc-
tion of CO2. With the continuous increase of GDP, it will
be possible to implement energy efficiency measures in
all sectors. These should be implemented individually
and according to the characteristics of each sector to meet
the specific needs of each one. For instance, in the trans-
port sector, the country may invest more in electric vehi-
cles technology and charging infrastructures and in addi-
tion implement incentives for electric vehicle adoption.
Another example could be in the residential sector, by
designing and implementing measures of demand side
management (DSM) through good practice guides to en-
courage energy saving or to encourage the purchase of
efficient home appliances. The energy efficiency mea-
sures not only contribute to reducing climate change but
also to productivity and energy security. Consequently,
they are an asset for all sectors of the Australian economy.
As the Australian economy is energy-intensive, and there
is a strong link between energy and climate change, it is

important that all the levels of government are involved in
energy efficiency initiatives.

Besides energy-efficiency measures, Australia should con-
sider technology policies that reduce the cost of RES.
Australia has some of the best RES resources in the world,
but it is recognized that the true potential of some RES re-
sources, such as hot rock geothermal and ocean energy, are not
as well understood as are fossil fuels. In the year 2014–2015,
54.4% of all RES consumption was biomass, followed by
hydro with 14.1%. Furthermore, the biofuel most used in
Australia is primary solid biomass such as wood and vegetal
waste. The Australian economy should invest more in
expanding the capacity of renewable sources to increase the
contribution of RES to the TPES, and consequently reduce
CO2 emissions. In this way, Australia will be able to reach
the TP and absolute decoupling, as well as achieving the en-
vironmental targets to which it has committed itself.

Conclusion

This paper analyses the relationship between economic
growth and CO2 emissions in Australia, considering the
consumption of the fossil fuels, oil and coal, and RES.
With this objective, two different concepts were
employed, the EKC and the DI. They were applied for
the period from 1965 to 2016. The methodology selected
was the ARDL approach due to its ability to apply
dummies to control for events that may have occurred
over the 52 years considered in the study without affect-
ing its results, and also permitting the separation of short-
and long-run estimates that are essential for verifying the
EKC. In addition, as a robustness of the results obtained
with the main approach, the ARDL model and the VECM
were employed. Through this model, the Granger causal-
ity test was performed. The results obtained with VECM
are in concordance with the results of the ARDL model.
Regarding the DI, it has been calculated in two different
ways. By 10-year intervals, to determinate the evolution
of the DI, and for the whole period, to reflect the overall
effect.

The results of the ARDL approach show that the EKC
hypothesis is confirmed for Australia in the period con-
sidered. The coefficient and elasticity of the GDP are
positive and significant in the long run, and with respect
to the GDP squared are negative and significant in the
long-run. The TP was calculated and, in order to begin
decreasing CO2, Australia needs to achieve an income of
1928.38 thousand million. The results also show that, on
the one hand, the estimated coefficients for oil consump-
tion are positive, indicating that an increase in consump-
tion of oil causes an increase in CO2. OIL contributes
significantly to increasing CO2, because it is the most
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consumed fossil fuel. One the other hand, RES contributes
to reducing CO2, but has the smallest magnitude. The
results of the Granger causality test prove that GDP,
GDP of square, oil and RES consumption cause CO2

emissions, which corroborates the results of the ARDL
model.

The results of the DI calculation show that its behavior in
Australia is a relative decoupling. This means that GDP and
CO2 emissions are both increasing, with GDP growing faster.
According to its EKC trajectory and the increasing value of
the decoupling index since 1985, in the long run, Australia
will eventually reach a TP and begin to experience an absolute
decoupling. To achieve this and meet its environmental tar-
gets, such as the 2015 agreement (to reduce CO2 emissions by
26% by 2030, using 2005 as a reference), Australia needs to
implement measures and policies to help reduce CO2 emis-
sions. To do this, it is recommended that measures be intro-
duced such as increasing the BObjective of Renewable
Energies^ whereby a minimum amount of electricity must
be produced by RES, and charges are levied on entities that
emit too many GHGs. Likewise, energy demand management
and control policies are recommended. In this respect, energy-
efficiency measures should continue to be developed, such as
policies to reduce the cost of RES technology.
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