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Abstract

The energy—environment—growth nexus has been examined for the Association of Southeast Asian Nations (ASEAN)
region, mainly using time series data. However, the important role of renewable energy and population has largely
been ignored in previous studies. As such, this study is conducted to investigate a causal link between renew-

able energy usage, population, carbon dioxide emissions, and economic growth. In addition, a relatively new and
advanced panel vector autoregressive model and the Granger non-causality test for heterogeneous panels are
utilized with a sample of seven ASEAN countries for almost three decades since 1990. Key findings from this paper are
as follows. First, renewable energy usage responds to population growth and leads to carbon dioxide (CO,) emissions.
Second, economic growth and renewable energy usage explain a substantial proportion of the change in energy
consumption. Third, a bidirectional Granger causality does exist in each pair among energy consumption, economic
growth and CO, emissions. We argue that moderating population growth and extending renewable energy usage are
vital to achieving sustainable economic growth in the ASEAN region.

Keywords: Renewable energy usage, Population, CO, emissions, Economic growth, Granger non-causality, Panel
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Background

A growing concern on the interaction among carbon
emissions, economic growth, and energy consump-
tion has been driven by the trade-off between economic
growth and environmental degradation. The concern
appears to be more prevalent and severe in the Asso-
ciation of Southeast Asian Nations (ASEAN) region.
The region has been facing a dual challenge of main-
taining economic growth and addressing environmen-
tal problems [1]. The adverse effect of greenhouse gas
on environmental degradation can threaten individu-
als” well-being both at a country level and at a regional
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level. The ASEAN region witnesses a notable increase
in economic growth over the past decades and expects
to maintain its growth rate in many years to come. Eco-
nomic growth exerts increasing pressure on the demand
for energy, which currently relies heavily on fossil fuels
[2]. Energy demand in the ASEAN region is predicted
to grow as much as 2.3 times (or 230 per cent) by 2040.
Therefore, ASEAN country members have to make great
efforts to deal with environmental degradation and
ensure energy security by adopting feasible targets for
renewable energy [3]. For example, Indonesia, the Phil-
ippines and Thailand have developed and implemented a
plan to increase the share of renewable energy in the total
primary energy supply. Malaysia targets to increase the
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capacity of renewable electricity supply to around 8 per
cent of total installed capacity.

Renewable energy releases lesser carbon diox-
ide (CO,) emissions, thus mitigating the negative
impact on the environment. Apart from not being
depleted, renewable energy offers a wide range of mer-
its: increased energy security, sustainable economic
growth, and pollution reduction [4, 5]. The ASEAN
members have acknowledged that the use of renewable
energy is associated with a reduction of reliance on fos-
sil fuels, thus achieving targeted economic growth and
energy security, affordability and sustainability. There-
fore, the framework of the ASEAN Economic Commu-
nity (ACE) was adopted. Countries continue improving
technological innovation, reducing the costs of renew-
able energy and setting a target that renewable energy
will account for 23 per cent of the total energy sup-
ply by 2025 [3]. Thus, renewable energy has played an
increasingly important role in supporting economic
growth and reducing a negative impact on the environ-
ment in the region. The region has now been facing the
increased pressure from population growth among the
members. As such, the main focus of this paper is to
examine the causal link between population, renewable
energy, economic growth, CO, emissions and energy
consumption. The sample of seven ASEAN members,
the ASEAN-7, is used in this study.

Our paper differs from other previous studies in two
aspects. First, we focus on a sample of the ASEAN coun-
tries using the panel data. Second, the empirical results
from our study provide new insights into a traditional
relationship between energy consumption and economic
growth. In this paper, renewable energy usage, which has
recently attracted attention and debate among scholars,
is carefully examined. Our research framework extends
the work [6] by investigating the causal link between CO,
emissions, economic growth, population growth, and
renewable energy in a larger panel of countries across
the region. Various tests, including a slope homogeneity
test, a unit root test, and the cointegration test, are used
to address cross-sessional dependence and slope homo-
geneity among countries.

This paper focuses on the ASEAN-7 and the short-run
relationship. Our paper contributes to the current litera-
ture and offers policy implications for the ASEAN coun-
tries and other emerging markets. Empirical findings
from previous studies confirm the importance of renew-
able energy in boosting economic growth, reducing CO,
emissions and supplementing an increasingly substantial
demand for energy consumption. However, little atten-
tion has been paid to the ASEAN region, with exceptions
[7-9]. Understanding the causal relationship among pop-
ulation, renewable energy usage, and economic growth
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is important for policymakers to adopt and implement
renewable energy and energy-intensive policies.

Second, a recently developed panel vector autoregres-
sive (VAR) model is used in this paper. Unlike other
empirical studies in the ASEAN region confirming the
long-run relationship, we are interested in the short-run
relationship among renewable energy usage, energy con-
sumption, economic growth, population, and CO, emis-
sions. Our paper is the first of its kind that employs an
advanced econometrics approach for a sample of seven
ASEAN countries. The panel VAR model is used together
with the system generalized method of moments (GMM)
estimator rather than the ordinary least square method.
The GMM method generates a more efficient and robust
estimator [10-12]. In addition, the panel VAR frame-
work can deal with the potential issue of endogeneity.
The approach treats all the concerned variables as endog-
enous, places them in a system of equations, and controls
the country’s fixed effects and lagged interdependence.
Finally, the panel VAR model has been increasingly
attractive among scholars in the energy economic litera-
ture [13-15].

The paper is organized as follows. Following this intro-
duction, Sect. 2 discusses relevant theories and empirical
studies. The research methodology and data descriptions
are presented and discussed in Sect. 3. Section 4 presents
empirical results, followed by the discussions on the
empirical findings in session 5. Finally, our concluding
remarks and policy implications are discussed in Sect. 6
of the paper.

Literature review

The topic of causal links between CO, emissions, eco-
nomic growth, and energy consumption has been widely
discussed in energy economics. Various directional cau-
salities have been extensively investigated in the devel-
oped countries. For example, the time-varying causalities
between CO, emissions, energy consumption, and eco-
nomic growth of 50 American states from 1960 to 2010
using a time-varying VAR approach are confirmed [16].
Furthermore, selected studies have used panel economet-
rics techniques to examine the link between CO, emis-
sions and economic growth, energy consumption in the
ASEAN region. Based on the panel quantile regression,
an analysis examines foreign direct investment, economic
growth, and energy consumption on CO, emissions for
ASEAN-5 countries, namely, Indonesia, Malaysia, the
Philippines, Singapore and Thailand for 1981-2011
[17]. In addition, the ASEAN-5 sample for 1970-2016 is
employed in the study [1] to investigate the causal rela-
tionship between CO, emissions, economic growth, and
energy consumption. That study takes the cross-sec-
tional dependence into account for the panel analysis.
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Meanwhile, that paper utilizes the panel smooth transi-
tion regression model and the panel quantile regression
[18]. In these panel-based studies, we note that the role
of renewable energy and population growth to economic
growth and environmental degradation has largely been
ignored.

The empirical studies that incorporate renewable
energy in energy consumption—economic growth—envi-
ronmental quality nexus in the ASEAN region are lim-
ited. The impact of renewable and non-renewable energy
consumption on economic growth is documented in
a panel of five ASEAN countries [8], where there exists
a positive effect of energy consumption on economic
growth, both renewable and non-renewable. Another
empirical study examines the effect of per capita renewa-
ble energy consumption on CO, emissions for ASEAN-4
countries, namely, Indonesia, Malaysia, the Philippines,
and Thailand, using the time-series data analysis [9].
Their findings indicate that an increase in renewable
energy consumption is associated with reducing CO,
emissions. That paper supports the view that renewable
energy usage appears to be a solution to reduce environ-
mental degradation. Nathaniel and Khan [7] consider
the impact of renewable and non-renewable energy con-
sumption on environmental degradation for a panel of
ASEAN countries. Economic growth, urbanization and
trade are used as controlled variables. That study uses an
ecological footprint as a proxy for environmental degra-
dation. Findings from the paper indicate that economic
growth and non-renewable energy consumption are the
primary sources of environmental degradation in the
long run. However, renewable energy consumption does
not affect environmental degradation in the long run, not
only for the whole panel of ASEAN countries but also for
the individual country in the sample.

The causal relationship between CO, emissions and
energy consumption has been found in the energy lit-
erature extensively and empirically. Hwang and Yoo
[19] reveal a bidirectional causality between CO, emis-
sions and energy consumption in Indonesia. Saboori and
Sulaiman [20] employ a vector error correction model to
investigate the causal link between CO, emissions and
energy consumption for the ASEAN-5 countries over
1971-2009. Long-run causality from energy consump-
tion to CO, emissions is found in Malaysia, the Philip-
pines, Singapore and Thailand, while short-run causality
is observed in Indonesia, Malaysia, the Philippines and
Singapore. Moreover, findings from the study found that
estimated elasticities, in the long run, are larger than in
the short run. These findings also imply that the effect
of energy consumption on CO, emissions increases
over time in these five ASEAN countries. An inverted
U-shaped relationship between energy consumption and
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CO, emissions exists in Pakistan from 1971 to 2011, using
an autoregressive distributed lagged (ARDL) bounds test
framework (2017). The effect of energy consumption on
CO, emissions is positive when the energy consumption
is below a certain threshold. However, the effect becomes
negative when energy usage passes a threshold. An analy-
sis by [22] investigates the energy-growth-environment
relationship in seven emerging countries by applying a
bootstrap ARDL bounds test to cointegration control-
ling for structural breaks. The results fail to confirm the
long-run relationship between economic growth, energy
consumption and CO, emissions. However, the study
confirms the short-run causality, which is different from
one country to another.

The sources of energy consumption should be incor-
porated in the relationship between energy consumption
and environmental degradation. Vietnam experiences
a significantly positive relationship between fossil fuel
energy consumption and CO, emissions [23]. In con-
trast, Raza and Shah [24] confirm a negative relation-
ship between CO, emissions and renewable energy
for the G7 countries (including Canada, France, Ger-
many, Italy, Japan, the United Kingdom, and the United
States). Nguyen and Kakinaka [25] affirm that the rela-
tionship between renewable energy consumption and
CO, emissions is dependent on the development stages
for 107 countries from 1990 to 2013. Renewable energy
consumption is positively correlated with CO, emis-
sions and negatively correlated with economic growth
for low-income countries. However, the outcomes are
reversed for high-income countries. China and India
experience a negative impact of hydroelectricity on CO,
emissions during 1965-2013 [26]. Economic well-being,
trade freedom and business freedom play a contributing
role to renewable energy consumption in the panel data
of 32 African countries [27]. Recent literature on the link
between carbon emissions, economic growth, energy
consumption (in general) has also been considered
from both market integration and (price) convergence
perspectives.

Few studies have been conducted to examine the
energy-environment-growth nexus in the Asian region.
Nepal and Paija [28] examine the inter-relationship
between energy security, electricity consumption, popu-
lation, and economic growth for Nepal, a developing
resource-rich country. Using the ARDL bounds tests
approach to cointegration, the authors fail to confirm the
long-run relationship among these variables. However,
their findings support the positive effect of population
growth on electricity consumption. Another analysis con-
ducted by these authors takes advantage of a time series
approach to consider the energy-environment-growth
nexus with control variables, including population and
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gross fixed capital. The empirical findings document a
unidirectional Granger causality running from economic
growth to energy consumption and CO, emissions to
real output [29]. A study is conducted to investigate the
energy-environment-growth nexus for Malaysia [30]. The
increased energy consumption and economic growth are
positively associated with environmental degradation,
which is not impacted by population growth.

Another stream of empirical research uses the stochas-
tic impacts by regression on population, affluence, and
technology (STIRPAT) framework on the energy-envi-
ronment-growth nexus. This framework is also applied
to investigate the role of demographic and economic
factors on environmental degradation [31]. A key con-
clusion from this stream of research is that economic
growth rather than population growth increases CO,
emissions. A noteworthy feature of their work is to use
extensive panel data of 84 countries and 25 years and the
traditional and standardized STIRPAT frameworks. An
extended version that combines the STIRPAT framework
and the dynamic common correlated effects estimators is
used to investigate a wide range of factors contributing
to CO, emissions for ten newly industrialized countries
[32]. These factors include real output, energy intensity,
energy mix, labour productivity, urban employment,
trade openness, and population. The study concludes that
the first four factors are the primary sources of CO, emis-
sions. The next two factors are marginal contributors.
The population growth has no effect. Previous empirical
findings confirm the significant effect of key factors on
CO, emissions. Furthermore, the effect varies across the
surveyed countries and studies.

Model and methodology

Model specification

Our main objective is to analyze the causal link between
renewable energy usage, population growth, carbon
emissions, energy consumption and economic growth.
The choice of these variables is based on the STIRPAT
model, developed by Dietz and Rosa [33] and recently
applied by [30, 34]. Population growth and economic
activity are two main elements of CO, emissions. The
energy-economic literature has been intensively inves-
tigated on the link between economic growth, energy
consumption and environmental quality (see [35] for a
review). Given the increasingly important role of renew-
able energy usage in contemporary energy literature
[36—38], we add the variable of renewable energy in our
analysis. The model specification is expressed as follows:

Inco2pc;, = f (Ingdppc; ;, Inpop; ;, Inrecpc; ,, Inecpc; ;)
(1)
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Table 1 Data description

Variable Obs. Mean Std. Dev. Min Max
co2pc 174 342 3.93 0.10 18.04
gdppc 174 7,661.63 12,407.16 193.24 52,244.44
pop 174 74.01 65.56 3.05 255.13
recpc 174 200.75 102.05 7.37 474.60
ecpc 174 1,519.44 1,653.52 25445 7,370.65

co2pc per capita CO, emissions, gdppc per capita real GDP, pop population, recpc
per capita renewable energy consumption, ecpc per capita energy consumption

where i and ¢ represent the number of countries and the
time period, respectively. co2pc;, is the amount of CO,
emissions, and gdppc; , is the real per capita gross domes-
tic product (GDP). recpc;, is the amount of renewable
energy usage. ecpc; , is energy consumption. pop; ; is the
population of each country i over the period ¢ Finally,
;¢ is the error term, and “In” denotes the nature of the
logarithm.

Data are collected from the World Bank Indicators
database, including CO, emissions (metric tons per cap-
ita), and real per capita GDP (GDP measured in constant
2010 US$), renewable energy usage (percentage of total
final energy consumption multiplied by the total final
energy consumption per capita), energy consumption
(kilogram of oil equivalent per capita), population size
(total population in a million number). Seven ASEAN
members, the ASEAN-7, namely, Indonesia, Malay-
sia, Myanmar, the Philippines, Singapore, Thailand and
Vietnam, are included in the sample over the 1990-2014
period, except for Vietnam, which the timeframe ended
in 2013. As such, we obtain an unbalanced panel of 174
observations, which consist of seven cross-sectional
countries and 25 years. Table 1 shows descriptive statis-
tics for the variables in this study.

Methodology

The panel VAR model is employed for the causality anal-
ysis as it provides sufficient information about the rela-
tionship among the variables of interest. The panel VAR
technique has been employed to analyze dynamic effects
among variables in various research areas [15]. The panel
VAR framework treats all variables as endogenous and
controls the heterogeneity in the panel [12, 39]. The panel
VAR framework can be expressed as follows:

m
Yie=Ao+ Y AYi s+ ci+des+ i 2)

s=1

where i represents the number of cross-sectional coun-
tries and s is the lagged length, determined by the
serial correlation test of the dependent variable. All the



Vo and Vo Energ Sustain Soc (2021) 11:30

Page 5 of 15

Data cleaning

Ensuring the continuity of data without missing observations

{

Panel unit root test

Testing the stationarity of all the variables

|

Panel Cointegration tests

Testing the long-run relationship of all the variables

!

Model selection - stable
test

Opting for the optimal lag and checking the stability condition

|

Panel VAR model

Estimating the Panel VAR model

|

Impulse response functions

Considering the response of one variable to a shock of itself
and other remaining variables.

¢

Forecast-error variance

Analyzing the proportion of forecast-error variance of each
variable exnlained bv shocks to other variables in the fitted

!

Granger causality test

Testing the dynamic causality effect among variables

Fig. 1 Procedure of data analysis

countries i at time ¢ are assumed to have the same struc-
ture in the model. Like previous studies [12, 14, 15, 39],
we employ the panel VAR on the ground of the general-
ized method of moments (GMM) estimators [40].

In this framework, Y;; consists of five variables of inter-
est, expressed a (1 x k) vector of endogenous variables:

Yi+ = (dlnco2pc, dlngdppc, dlnpop, dlnrecpc, dlnecpc)

®3)

Ajs is the coefficient vector to be estimated. ¢;; denotes

idiosyncratic errors that are assumed to be identically

and normally  distributed, with  E(g;;) =0,

E(e;-’tsi,t) =3, and E(S;,té‘i,s) =0 for ¢>s. doy is a

country-specific time dummy to control the year effects,

and ¢; is to consider the fixed effects of the country in

Eq. (2).

The whole data analysis process, which includes eight

major steps, is depicted in the flowchart in Fig. 1.

Results

We use the panel unit root test by Choi [41] to examine
the stationarity of the variables. This panel-based test is
a modified version from a standard Dickey—Fuller unit
root test [42]. Table 2 presents the results of the unit root
tests. These tests include four types of statistics: inverse
chi-square, inverse normal, inverse logit, and modified
inverse chi-square. All these statistics reject the null
hypothesis of containing the unit root at the first differ-
ence rather than at the level, indicating all variables are
integrated I(1).

Two widely used cointegration tests for panel data
are employed to examine the existence of a long-run
relationship. Pedroni [43, 44] develop critical inference
and asymptotic properties for the residual-based test in
dynamic panels. Westerlund [45] construct the error-
correction-based cointegration tests for panel data.!
Table 3 presents the results of these panel cointegration

! The panel cointegration tests by Pedroni and Westerlund are performed by
the command xtpedroni and xtwest in Stata 15, respectively.
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Table 2 Results of the unit-root tests
Inverse chi-squared Inverse normal Inverse logit t Modified
inverse chi-
squared
P z L* Pm
The level
Inco2pc 1046 0.28 0.31 -0.70
Ingdppc 3.99 3.23 344 -1.89
Inpop 367 1.91 1.83 —-1.95
Inrecpc 16.56 0.19 0.39 048
Inecpc 21.23* —0.78 -083 1.36*
The first difference
dinco2pc 2542%* — 2477 —2.30% 2.16%*
dingdppc 25.39%*% —223%* —2.19%* 2.15%%
dinpop 70.30%%* —1.56* —5.3]%* 10.64%%*
dinrecpc 42.91%%* —4.05%** —4.31%%% 546%**
dinecpc 32.37%** —2.83%%* —2.92%%* 3477

“In" and “d" represent the variables in terms of the logarithm and the first difference

***Denotes the rejection of containing unit roots at a significance level of 1%. The test includes an intercept. One lag is included for Inpop, and three lags for other

remaining variables

Table 3 Results of cointegration tests

The error-correction-based cointegration tests by Westerlund [45]

Gt Ga Pt Pa
Statistics =272 -0.29 —-14.11 -0.27
Z-value -0.76 438 -7.78 3.15
P-value 0.22 1.00 0.00 1.00
The residual-based cointegration test by Pedroni [43, 44]

v rho t ADF
Panel statistics —0.66 0.09 —-1.99 —153
Group statistics 112 —-161 —1.08
In the error-correction-based cointegration tests, Gt and Ga are the group-mean tests, while Pt and Pa are the panel tests
Table 4 Results of the optimal lag selection
Lag cD J J-pvalue MBIC MAIC MHQIC
1 0.82 83.87 0.23 —282.34* —66.13* —153.99*
2 0.95 63.68 0.09 — 18046 —36.32 —94.89
3 0.79 2877 027 —93.30 —2123 —50.52

J and J-pvalue denote Hansen'J statistics and the corresponding p-value for testing over-identifying restrictions

CD coefficient of determination, MBIC moment model selection criteria (MMSC)-Bayesian information criterion (BIC), MAIC MMSC-Akaike information criterion (AIC),

MHQIC MMSC-Hannan and Quinn information criterion (HQIC)

tests. Again, we find no long-run relationship among the
selected variables, because both tests fail to reject the

null hypothesis of no cointegration.

As all variables are (1) without cointegration, they are
transformed into the first difference to ensure that the

variables are stationary. As for the panel VAR analysis,
the procedure begins with the selection of optimal lag

length. In Table 4, the first-order panel VAR is the pre-

ferred model as three criteria have the smallest value.
Therefore, we use one lag in the panel VAR model. The
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Roots of the companion matrix
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Fig. 2 Roots of the companion matrix

Table 5 Estimated results from the panel VAR
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because the roots of the companion matrix are all inside
the unit circle [10, 14, 15].

Table 5 presents the estimated results from the panel
VAR analysis on the relationship between CO, emissions,
economic growth, population, renewable energy con-
sumption, and energy consumption for the ASEAN-7.2
First, column (1) indicates that CO, emissions are nega-
tively associated with economic growth. Second, column
(2) on the economic growth equation confirms a posi-
tive relationship between economic growth and environ-
mental degradation, while economic growth is negatively
found to population growth. We observe that renewable
energy has no effect on economic growth in the ASEAN
region. However, its impact on CO, emissions is negative.
This result supports the view that the ASEAN region has
increasingly been adopting renewable energy. However,
the vital role of renewable energy in promoting economic
growth and supplementing energy consumption appears
to be negligible, because renewable energy still accounts

Dependent variable

dinco2pc Dingdppc Dinpop Dlnecpc DlInrecpc
(1 (2) (3) (4) (5)
Independent variables
dinco2pc(—1) 0.157%* 0.027%** —0.014%** 0.081%** 0.001
[0.048] [0.007] [0.001] [0.017] [0.012]
dingdppc(—1) —1.019%** 0.511%** 0.104*** —0.257*** —0.087
[0.190] [0.050] [0.011] [0.093] [0.117]
dinpop(—1) —1.453 —1.727%** 0.774%** —3.575%** — 3. 747
[1.035] (0.258] [0.041] [0. 585] [0. 469]
dinecpc(=1) 0.340%** —0.068*** 0.000 0.042 —0.302%**
[0.079] [0.019] [0.003] [0.043] [0.054]
dinrecpc(—1) —0.094*** 0.005 —0.006*** —0.035 0.037
[0.035] [0.009] [0.002] [0.031] [0.037]

“In" represents the variables in terms of the logarithm

co2pc per capita CO, emissions, gdppc per capita real GDP, pop population; recpc per capita renewable energy consumption, ecpc per capita energy consumption

***Denotes the coefficients are at the significance level of 1%. The robust error terms are in square brackets

next stage is to consider the fitness and stability by calcu-
lating the moduli of the companion matrix based on the
estimated parameters.

Figure 2 depicts the eigenvalue stability condition by
plotting all the real and imaginary eigenvalues in the
companion matrix. The stability condition is satisfied,

2 All residual diagnostic tests have been conducted to ensure the appropriate-
ness of the PVAR model. Results from these tests are not presented in this
paper due to the required length of the paper. However, they will be made able
upon request. We thank the reviewer for this excellent suggestion.

for a small proportion of the total energy consumption
[46]. Third, column (3) shows that population growth
is positively related to economic growth and negatively
associated with CO, emissions and renewable energy.
This result is consistent with the STIRPAT model, which
implies population growth as an essential determinant
of economic activity and environmental degradation.
Fourth, in the energy consumption equation, the results
show that environmental degradation positively causes
energy consumption. Fifth, renewable energy consump-
tion is negatively linked with population growth and
energy consumption.
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Fig. 3 Orthogonalized impulse response functions. Notes “impulse: response” refers to the impulse and response variable, respectively. A solid
middle line depicts the response of one variable to a shock of itself or another endogenous variable. The standard error bands are covered with two
shaped lines. The response is statistically significant when the bands do not cross the zero line. The ordering of the variables is fldinpop, dingdppc,

Based on the panel VAR result, we run the impulse
response functions (IRFs) to illustrate the response of
one variable to the shock of another variable in the sys-
tem of the equations while maintaining all other shocks
to zeros. The model is assumed to have identical and nor-
mally distributed error terms. However, this assumption
would be relatively strong. It may be the case that the
actual variance—covariance matrix fails to be diagonal in
practice. One method to tackle this issue is to decompose
the residuals in a way that they become orthogonal. In
this paper, the IRFs are based on the Cholesky orthogonal
decomposition. However, this method could lead to sen-
sitive results across the order of the variables. The impli-
cation is that endogenous variables should be ordered per
their degree of exogeneity. Thus, variables that come first
in equations are more exogenous than the later ones [39].

In theory, no concrete rule is confirmed on the vari-
able ordering regarding the relationship between CO,
emissions, economic growth, and energy consumption in
general and renewable energy in particular. Thus, we note
there are multiple sets of variable ordering in contempo-
rary empirical studies. In this paper, we use the following

orders. The “population” variable is ordered first, because
it appears to be the most exogenous variable. We note a
population at the current year affects economic growth,
energy and renewable energy consumption, and CO,
emissions. However, the latter variable in the lagged
periods impacts the population. The labour force, which
serves as an input of production, should be placed in front
of economic growth [13]. Second, energy consumption
is set to follow economic growth, because current levels
of environmental pollution and energy consumption are
determined by economic growth [14]. We put renew-
able energy usage after energy consumption, because an
increase in energy demand in the ASEAN region leads
to renewable energy usage [3]. Finally, we place CO,
emissions last, because it is the least exogenous variable
[13, 14, 47].3 Consequently, in this paper, we have used

3 As mentioned above, the result of the IRFs is sensitive to the order of the
variables. We provide the robustness checks in the latter part of the paper. We
would like to thank the reviewer for pointing this out.
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the following order of the variables fidlnpop, dlngdppc,
dlnecpc, dlnrecpc, dlnco2pc).

Figure 3 illustrates the response of a shock of (the
growth of) energy consumption, renewable energy
usage, population, economic growth, and CO, emis-
sions to the shock of itself and other remaining variables.
Notably, in the first column, the response of CO, emis-
sions to a shock in renewable energy growth is nega-
tive, but insignificant. The response of CO, emissions
to energy consumption observes an opposite pattern in
which it gradually declines and dyes out completely in
year 5. Furthermore, CO, emissions initially have a posi-
tive response to a shock in economic growth. The effect
then turns negative in year 2 before dying out in year 5.
In the second column, economic growth is found to have
a significant responsive pattern to energy consumption,
initially decreasing in year 1 and increasing considerably
in the next 2 years and then at zero in year 6. Economic
growth responds negatively to a shock of population and
positively to CO, emissions. It does not respond to in
renewable energy. The IRFs further support the results
for the panel VAR model in Table 5.

The responses of population growth are presented in
the third column of Fig. 3. The responsive patterns to a
shock of energy consumption, economic growth and CO,
emissions are different. These responses are significant.
Population growth responds insignificantly to renewable
energy. Next, in the last two columns of Fig. 3, energy
consumption and renewable energy appear to respond
similarly to population growth, economic growth and
CO, emissions. The responses initially decrease in the
first 2 years and then die out after year 5. In contrast, the
response to a shock of CO, emissions is positive in the
first 2 years before it reduces gradually and dies out com-
pletely from the 5th year. Renewable energy consumption
responds positively and significantly to energy consump-
tion. However, the reverse pattern cannot be established.
The response of renewable energy to a shock of energy
consumption declines dramatically from 0.05 to O after
only a year.

The IRFs results do not consider the magnitude and the
degree of the responses of one variable in the remaining
endogenous variables. As such, we perform the forecast
error variance decomposition to provide more details.
From Table 6, a shock in economic activity does sig-
nificantly cause variations in CO, emissions. After ten
periods, economic activity explains approximately 10
per cent of the variation in CO, emissions, while the
three remaining variables account for a small propor-
tion. Population growth and CO, emissions contribute
approximately 11 per cent and 6 per cent in the variation
of economic growth. The variation of economic growth
has a significant contribution to population growth,
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Table 6 Forecast error variance decomposition

Forecast Impulse variable
horizon

dinco2pc dingdppc dinpop dinrecpc dinecpc
dinco2pc
1 1.000 0.000 0.000  0.000 0.000
2 0.944 0.040 0.003 0.011 0.001
6 0.883 0.094 0.006 0.014 0.002
10 0.877 0.099 0008 0014 0.002
dingdppc
1 0.035 0.965 0.000  0.000 0.000
2 0.045 0.909 0.037 0.006 0.003
6 0.057 0.817 0114 0.007 0.005
10 0.056 0817 0113 0.008 0.005
dinpop
1 0.003 0.000 0997  0.000 0.000
2 0.051 0.257 0.685 0.000 0.007
6 0.032 0.601 0.346 0.009 0.012
10 0.034 0.597 0347  0.009 0.012
dinrecpc
1 0016 0.007 0007 0970 0.000
2 0.017 0.014 0.034 0915 0.020
6 0.017 0.066 0.041 0.857 0.019
10 0.017 0.067 0043 0854 0.019
dinecpc
1 0.098 0.055 0007 0366 0474
2 0.113 0.062 0.063 0.331 0429
6 0.095 0.237 0.078 0.258 0332
10 0.095 0.240 0.082 0.254 0328

The results are based on orthogonalized impulse responses with ten periods

contributing approximately 60 per cent after ten peri-
ods (years). Renewable energy accounts for about 11 per
cent of the fluctuation of CO, emissions and population.
Interestingly, when it comes to the variance decompo-
sition of energy consumption, we find that economic
growth and renewable energy each explains a propor-
tion of about 25 per cent in the variation of energy con-
sumption. The variance decomposition implies that it
is essential for the ASEAN countries to invest more in
renewable energy development, promote the wide adop-
tion of renewable energy on a broader scale, and acceler-
ate renewable energy in the energy mix.

The results of a traditional Granger causality test
among CO, emissions, renewable energy consump-
tion, population, energy consumption, and economic
growth are shown in Table 7. The bidirectional Granger
causality in each pair among economic growth, energy
consumption and CO, emissions are found. Further-
more, Table 7 indicates a bidirectional Granger causality
between population growth and economic growth. We
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Table 7 Result of Granger causality tests
Null hypothesis Traditional test D-H test

Chi2-statistic Prob Z bar-statistic Prob
dingdppc does not Granger-cause dinco2pc 28.88 0.00 0.78 043
dinpop does not Granger-cause dinco2pc 1.97 0.16 9.14 0.00
dinrecpc does not Granger-cause dinco2pc 7.27 0.01 -0.54 0.59
dinecpc does not Granger-cause dinco2pc 18.70 0.00 0.24 0.81
dinco2pc does not Granger-cause dingdppc 841 0.00 2.11 0.04
dinpop does not Granger-cause dingdppc 44.49 0.00 2.01 0.05
dInrecpc does not Granger-cause dingdppc 0.34 0.56 248 0.01
dinecpc does not Granger-cause dingdppc 13.60 0.00 240 0.02
dinco2pc does not Granger-cause dinpop 228.17 0.00 6.42 0.00
dingdppc does not Granger-cause dinpop 88.80 0.00 7.12 0.00
dinrecpc does not Granger-cause dinpop 11.59 0.00 5.94 0.00
dinecpc does not Granger-cause dinpop 0.02 0.90 836 0.00
dinco2pc does not Granger-cause dinrecpc 0.90 0.34 0.99 032
dingdppc does not Granger-cause dinrecpc 0.55 046 -127 0.20
dinpop does not Granger-cause dinrecpc 63.77 0.00 7.86 0.00
dinecpc does not Granger-cause dinrecpc 31.02 0.00 -0.86 0.38
dinco2pc does not Granger-cause dinecpc 2344 0.00 046 0.65
dingdppc does not Granger-cause dinecpc 7.59 0.01 1.14 0.25
dinpop does not Granger-cause dlnecpc 3732 0.00 -0.19 0.85
dinrecpc does not Granger-cause dlnecpc 1.28 0.26 -0.99 032

The traditional Granger causality test is based on the panel VAR model within the GMM framework

D-H test is based on the heterogeneous-panel Granger non-causality test

also find a unidirectional Granger causality running from
population growth to energy consumption and renew-
able energy. These findings further confirm the impact
of population growth on economic activity and renew-
able energy usage. We find that renewable energy usage
unidirectionally causes CO, emissions. A unidirectional
causality from energy consumption to renewable energy
is found. Therefore, the results do not support the causal-
ity relationship between renewable energy and economic
growth in the ASEAN region, which is in line with previ-
ous studies [46].

It should be noted that the traditional panel-based cau-
sality test assumes a homogeneity of slope coefficients on
estimated parameters when a joint causality restriction is
imposed. However, this assumption would be relatively
strong [48]. In addition, assuming slope parameters to be
homogenous does not capture country-specific character-
istics, raising a concern of heterogeneity. The panel-based
Granger non-causality test by Dumitrescu and Hurlin
[49] allows taking heterogeneity into consideration. Fur-
thermore, the test simplifies the standardized, average
Wald statistics. The results from these tests are efficient.
The test also has a good small sample property through
Monte Carlo experiments. As such, the outcome is effi-
cient, even in the case of limited T and N dimensions.

However, a minor drawback is that when the null hypoth-
esis is rejected, the test does not provide a number of the
cross units in the panel which are rejected. This study uses
the Dumitrescu and Hurlin Granger non-causality test for
heterogeneous panels to examine the causality direction
among carbon emissions, energy consumption, renew-
able energy consumption, economic growth, and popula-
tion growth as a robustness check. The Dumitrescu and
Hurlin panel-based Granger non-causality test results are
reported in the last two columns of Table 7.

Discussions

Our first finding supports the feedback hypothesis
between energy consumption, economic growth, and
CO, emissions, because any pair of these three variables
causes bidirectionally each other. Apart from contrib-
uting to the extensive literature on the energy-growth-
environment relationship, our findings are different
from preceding works for the ASEAN region using panel
data analysis. Specifically, some studies only confirm the
impact of energy consumption and economic growth on
CO, emissions [17, 18]. Other studies confirm bidirec-
tional causality between economic growth and energy
consumption (the feedback hypothesis) and unidirec-
tional causality from economic growth to CO, emissions
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(the conservation hypothesis) [1]. A possible explanation
for the difference in findings is that previous studies use a
panel of the ASEAN-5 and focus on the long-run effect.
Our paper has a larger sample of the ASEAN-7 countries,
and we focus on the short-run effect. Furthermore, it is
documented that the energy-growth-environment cau-
sality varies in both short-run and long-run horizons and
the countries in the sample [20]. The interactive link sug-
gests that certain policies targeting short-run economic
growth should take environment degradation and energy
security into consideration to pursue sustainable eco-
nomic growth and development.

Another significant contribution of our study to the
existing literature is linked with the consideration of
renewable energy. First, we find that energy consumption
Granger causes renewable energy consumption unidirec-
tionally. The finding supports the view that the ASEAN
countries depend heavily on fossil fuel energy. Increasing
renewable energy usage is a potential solution to address
the energy issue [3]. Second, we find a unidirectional cau-
sality running from population to renewable energy and
from renewable energy to CO, emissions. These findings
offer the following implications. The ASEAN region could
take advantage of its population size to increase renew-
able energy supply and shift energy consumption from
fossil fuels to a cleaner renewable energy source at the
household level. The public programs aim to raise aware-
ness, and the adoption of renewable energy among house-
holds would stabilize the energy supply and demand and
reduce environmental degradation. It should be noted
that policies, including agreements and regulations for
renewable energy development, are highly fragmented
between each member of the ASEAN region [2]. There-
fore, the exchange of ideas and the increased cooperation
between the ASEAN members in a formal arrangement
should be encouraged and promoted. Finally, we docu-
ment the importance of population growth in examining
the energy-growth-environment nexus as predicted by the
STIRPAT model and previous empirical studies [6, 30—-32].

Although the current study addresses the causal-
ity relationship among the surveyed variables, there are
limitations. First, the potential effect of economic struc-
ture changes regarding trade openness and financial
development is of importance. This is especially relevant
for ASEAN economies over the last decades, because
the region’s economic growth is highly associated with
increased trade openness and financial exposure. This
limitation is addressed to some extent in our robustness
check below by considering financial development. Sec-
ond, the paper focuses on the short run rather than the
long run, which could underestimate the importance of
renewable energy usage on economic growth, energy
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consumption and energy security. Thus, a more careful
analysis must consider both short- and long-run effects.
We conduct two robustness checks to ensure the
validity of our empirical results. We reverse the vari-
able ordering for the first robustness check so that the
variable order is as fldlnrec, dlnec, dlnpop, dlngdppc,
dlnco2pc). This order of variables is similar to previous
empirical studies, which consider that renewable energy
affects economic growth [13, 15, 47]. On this basis, we
put energy and renewable energy consumption before
economic growth. This choice is appropriate for our
empirical case for the ASEAN region, because we find a
unidirectional causality from renewable energy to eco-
nomic growth in the DH Granger test. In addition, we
put renewable energy before energy consumption to
check whether the order of these two variables matters
in the IRFs analysis. This order also allows us to consider
the effect of renewable energy usage on other variables
with time delays without reverse effects. The orthogonal-
ized IRFs are portrayed in Fig. 4. Notably, the responses
of renewable energy usage to other variables change sig-
nificantly across the two sets of order, as illustrated in the
last column of Figs. 3 and 4. Specifically, Fig. 3 shows a
positive response of renewable energy to energy con-
sumption, while Fig. 4 reveals a negative pattern. These
two figures show that the responsive pattern of renew-
able energy to economic growth and population growth
are significantly different in relation to the number of
periods in which the responses dye out. Third, renewable
energy responds to energy consumption in the same way,
as presented in both figures. Thus, the changes could
result from the relative order of renewable energy com-
pared to the remaining variables. These findings highlight
that the order of variables matters in the IRFs analysis.
For the second robustness check, we account for the effect
of economic structural changes as ASEAN economies have
recorded high economic growth from trade and finan-
cial exposure. However, the trade data for Myanmar is not
available. Therefore, there is a trade-off between the inclu-
sion of trade openness and the exclusion of Myanmar from
the sample. As such, we add financial development rather
than trade openness. We utilize a new broad-based index
of financial development, which is constructed by Sviry-
dzenka [50]. This index is available from the International
Monetary Fund (IMF) database. The relationship between
financial development and CO, emission is well-estab-
lished [51-53]. The orthogonalized IRFs with the inclusion
of financial development are presented in Fig. 5.* We keep
the same variable ordering from the first robustness check
and add financial development into the regression as the

* We re-do the entire analysis process in which financial inclusion is added to
the model. The results are not presented but are available upon request. We
thank the reviewer for this constructive suggestion.
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Fig. 4 Orthogonalized impulse response functions with the change in the variable ordering. Note Regarding the significance, refer to the note in
Fig. 3. The variable order is f(dInrecpc, dinecpc, dinpop, dingdppc, dinco2pc)

first variable. This setting is similar to the work [15], which
considers that financial development impacts energy con-
sumption and economic growth. In the last column of Fig. 5,
financial development is statistically responsive to all the
variables used in our analysis, except for CO, emissions. It
is found that financial development responds positively to
innovations in economic growth, and it reacts adversely to
shocks in population growth, renewable energy usage and
energy consumption. This finding supplements the con-
temporary literature concerning financial development
and economic growth, energy consumption in general and
renewable energy consumption in particular [15, 21, 51,
53]. The response of financial development to population
growth follows the perspective of economic historians, who
point out the critical role placed by banks on urban develop-
ment. Our finding is not in line with the work [54], which
documents a significant and positive link between financial
development and subsequent population growth. Further-
more, a shock in financial development affects economic
growth rather than other remaining variables. This finding
highlights the link between economic growth and financial
development. However, we cannot confirm the impact of
financial development on energy consumption, renewable
energy consumption, CO, emissions and population growth

in the ASEAN economies. Our findings are not in line with
a study that stresses the long-run effect of financial develop-
ment on environmental degradation for five ASEAN coun-
tries [53]. The inconsistent finding could be that we focus on
the short-run analysis as compared to the long-run analy-
sis. Finally, the inclusion of financial development into the
original system does not affect the responsive pattern of the
IRFs, since the last five rows of Fig. 5 are almost identical to
those of Fig. 4. The only difference is that the response of
CO, emissions to shocks in population growth become sta-
tistically significant in Fig. 5.

Another concern is associated with the Granger cau-
sality inference. The change in variable ordering does
not affect the findings regarding the Granger causal-
ity, because these tests are based on the Wald statistics
from the same panel VAR model. However, when finan-
cial development is added to the system of endogenous
variables, we find a bidirectional causality between CO,
emissions and population growth and a unidirectional
causality running from renewable energy to economic
growth. Compared to the causality results in Table 5,
there is a unidirectional causality running from CO,
emissions to population growth. Furthermore, we
observe a unidirectional causality running from energy
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consumption to population growth in Table 5. An expla-
nation for the difference in relation to the causal relation-
ship would be the impact of financial development on
other endogenous variables in the panel VAR system.

Conclusions and policy implications

This study investigates the relationship between CO,
emissions, economic growth, energy consumption,
population growth and renewable energy usage for the
ASEAN nations. A panel of seven ASEAN countries and
the panel VAR framework are used in this paper. The
main findings from the paper are summarized as follows.
First, our results confirm that energy consumption is
positively associated with CO, emissions and vice versa
and that there is a negative marginal effect of renewable
energy usage on CO, emission. Second, after ten periods
(years), renewable energy usage and economic growth
explain a substantial proportion of energy consumption
variation. Third, we find bidirectional Granger causality
between CO, emissions, economic growth, and energy
consumption. A unidirectional Granger causality, either
running from population growth to renewable energy or
running from renewable energy usage to CO, emissions,

is found. Important policy implications for the ASEAN
region have emerged on the ground of these findings.
The ASEAN region has its own characteristics. As
such, an investigation of the relationship between eco-
nomic growth, CO, emissions and energy consumption
for this region should be conducted. The ASEAN region
has been acknowledged as one of the most dynamic
economic regions globally. Members of the region have
achieved impressive high economic growth in the last
three decades. Countries in the ASEAN region have also
made transforming progress towards regional economic
integration. Our results indicate that energy consump-
tion appears to be an indispensable element in boosting
and maintaining economic growth and increasing carbon
emissions, leading to environmental degradation. To a
more considerable extent, at the regional ASEAN level,
a strong relationship between economic growth, CO,
emissions and energy consumption is observed empiri-
cally. We consider that economic plans or strategies
that enhance economic growth will exhibit a trade-off
between increased energy consumption and higher car-
bon emissions leading to a deterioration of environmen-
tal quality. Therefore, it is suggested that the cooperation
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of ASEAN members is vital to the achievement of sus-
tainable development goals.

Our findings confirm the potential role of using renew-
able energy on economic activity and environmental
degradation with the population as a key element. Our
study’s focus is on the ASEAN-7. The extended STIR-
PAT model provides additional empirical evidence on
the energy-environment-growth nexus to the existing
literature [1, 28—34, 55]. In addition to financial devel-
opment, control variables, such as foreign direct invest-
ment, trade openness, and urbanization that can affect
the adoption of renewable energy should be considered.
These variables are demonstrated to play a decisive role
in previous studies [1, 7, 13, 15, 56]. Renewable energy
should be considered a supplement source of energy for
an increasingly higher demand for energy consumption.
More importantly, this energy source can contribute to
economic growth in the region towards sustainable eco-
nomic growth and development [28, 46, 57, 58]. As such,
recent targets and commitments among the ASEAN
countries concerning the use of renewable energy in their
energy structure appear to be on the right track. In addi-
tion, efforts to increase the share of renewable energy in
the total primary energy supply should be encouraged.
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