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Abstract

The primary objective of this study is to explore the links between fossil fuel energy consumption, industrial value-added,
and carbon emissions in G20 countries over the period 1990-2020. Panel unit root test, co-integration test, and CS-ARDL
estimator were used to determine the relationship among variables. The empirical results suggest that the driving force of
carbon emissions in G20 countries varies significantly in advanced versus emerging economies. Evidence in a whole sample
of G20 countries and advanced economies supports environmental Kuznets curve (EKC) hypothesis, while no evidence in
emerging economies supports EKC hypothesis. Apart from this, the empirical results show trade opens, FDI, government
expenditures on health and education, research and development, and information and communication technology are
other determinators of carbon emissions in G20 countries. Our results suggest that countries upgrade industrial structures
by shifting their energy structures away from fossil fuels toward renewable energy sources in order to achieve sustainable
environmental goals.

Keywords Fossil fuel energy - Industrial value-added - Carbon emission - G20 countries

Introduction

Over the last two decades, fossil fuel energy consumption
and carbon emissions have become the subject of debate
and discussion among academia and policymakers. The
fundamental goal of this debate and discussion is to deter-
mine the primary causes of global warming and climate
change. Among these, fossil fuel energy consumption and
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industrialization are considered important sources of green-
house gas emissions which contribute to global warming and
climate change (Balint et al. 2017). According to the NASA
(2020) report on global climate, the global temperature has
risen by 1.4 °F, causing major hazards to human life and
biodiversity on the earth. However, reducing energy use,
particularly fossil fuel energy consumption, may provide the
ultimate answer to the carbon emission problem and climate
change. On the other hand, energy consumption remains one
of the active forces of social and economic progress (Balint
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et al. 2017). In today’s world, industrialization, population
growth, infrastructure development, and economic growth
create excessive demand for fossil fuel energy consumption.
Thus, energy has played an important critical role in human
life as well as global, social, economic, and environmen-
tal transformation. According to studies, inefficient energy
would have a negative impact on the performance of various
sectors of the economy, such as transportation and the social
life of the country. However, from ecological point of view,
excessive use of energy resources poses a major threat to the
global ecological environment. Some studies found that con-
tinued high carbon emissions will result in 1.5 °C warming
between 2030 and 2050. Thus, cutting emissions requires
efforts and further investigations to enable the economies to
achieve prospective sustainable environment goals.

To address the environmental issues, several agreements
were signed industrialized and developing governments,
international organizations, and private stockholders. For
example, the “Kyoto Protocol was signed in 1997, and the
Paris Climate” Agreement (PCA) was signed in 2015, with
the aim of limiting the rise of future global temperatures no
more than 1.5 °C, and reducing CO, emissions and fossil
fuel energy use. However, in order to ameliorate climate
change and minimize carbon emissions, one of the best solu-
tions is to replace current fossil-fuel-based energy genera-
tion with renewable-based energy generation. In the long
run, clean and renewable energy resources have the potential
to aid the elimination of environmental damage and climate
change ways to control carbon emissions. The first way is
reducing usage of fossil fuels, but it is contradictory to the
development because consumption of energy is expected to
increase along with the overall development of the economy.
The second way is to change the energy consumption struc-
ture, and the third is to improve the energy efficiency. The
latter two ways are a possible solution to reduce carbon and
satisfy the goals of energy supply. For instance, The con-
sumption of coal in electricity generation is the main carbon
emission source in most emerging and developing econo-
mies. Therefore, it is important to generate electricity using
renewable technologies, such as hydropower, wind power,
and solar PV, instead of thermal power with coal.

This paper attempts to analyze the links between fossil
fuel energy consumption, industrial value-added, and carbon
emissions in G20 countries over the period of 1990-2020.
Furthermore, we check the validity of EKC hypothesis in
different group of countries. Previous studies considered
some macroeconomic factors, such as trade openness, con-
sumption of non-renewable energy and technological inno-
vation etc. However, investigating these factors along with
industrial value-added, government spending on health and
education, and investment in renewable energy resources
will help to draw a unique feature, which will benefit policy-
makers to develop new policies in order to reduce the carbon

emission. Therefore, we identify some macroeconomic fac-
tors, which are likely to have an impact on carbon emis-
sions in G20 nations. Based on the previous literature, we
include trade openness, net inflows of foreign direct invest-
ment, information and communication technology, govern-
ment expenditures on education, health, and social welfare,
and investment in renewable energy resources as key factors
influencing carbon emissions. Above all, investigating the
linkages between fossil fuel consumption, industrial value-
added, and carbon emissions in G20 countries is notable for
many reasons. First, G20 countries are major world econo-
mies comprising 75% of global trade, more than 80% of
world GDP, and 60% of the world population (Ajide and
Mesagan 2022). Rapid industrialization, trade openness, and
development pattern demand for overutilization of energy
resources. Second, manufacturing and industrial sector heav-
ily depends on energy, which consumes more than 80% of
fossil fuel energy. The 74 % of global carbon emissions are
produced by the G20 countries (IEA 2020). G20 countries
also consume 95% of coal and 70% of gas and oil. Third,
less attention has been paid on the impact linkages between
fossil fuel consumption, industrial value-added, and renew-
able consumption. More specifically, to our knowledge, there
is no evidence on the aforementioned variables in case of
G20 countries. Thus, overabundant fossil fuel energy con-
sumption is a more critical and worrying situation in global
environmental pollution. This situation has attracted scholars
and policymakers to establish the long-term mechanism for
optimization of energy consumption pattern and reduction
of carbon emission intensity in G20 countries.

The findings of this study manifest that the driving force
of carbon emissions in G20 countries varies significantly in
advanced versus emerging economies. There is dire need
for the policy intervention to control the carbon emissions
in G20 countries and make sustainable environmental policy
to mitigate adverse impact. The current study adds to the
existing literature on the relationship between fossil fuel
consumption, industrial value-added, and carbon emissions
in a variety of ways. First, the study examines the impact
of fossil fuel and renewable energy consumption on car-
bon emissions. Second, this study considers the impact of
macroeconomic factors such as trade openness, inward FDI,
ICT, government spending on education, health, and social
services, and investment in renewable energy development
on G20 countries’ carbon emissions. Third, the current study
provides aggregate and disaggregate evidence for whole
sample countries as well as emerging and advanced econo-
mies, which brings insight for the policy implication and
formation.

Apart from the introductory part of the paper, this study
has the following sections. The second section is about the
survey of related literature. The econometric model and
technique are presented in the third section. The empirical
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results are discussed in the fourth section. The main find-
ings and policy recommendations are summarized in the
conclusion section.

Literature review of related literature

The studies on energy consumption and energy related car-
bon emissions can be traced back to 1970s. Earlier research
used datasets from the International Energy Agency (IEA)
and the World Bank to better understand energy consump-
tion patterns and carbon emissions across countries and
regions. Several studies have linked the increase in global
carbon emissions to a variety of factors, such as industriali-
zation, population growth, fossil fuel energy consumption,
financial inclusion, renewable energy, trade openness, urban-
ization, and infrastructure development (Tufail et al. 2022).
Various studies have examined the relationship between
fossil fuel use, carbon emissions, and industrialization,
and the results have been varied for various regions, such
as E-7(developing) and G-7(developed) countries (Huang
et al. 2022a), five Asean countries (Huang et al. 2022b),
Asia (Usman et al. 2021b), OECD countries (Huang et al.
2022c), Gulf countries (Yang et al. 2021), and Artic coun-
tries (Usman et al. 2021a). Earlier study used the Environ-
mental Kuznets Curve (EKC) hypothesis to estimate the
relationship between economic growth and CO, emissions.
The EKC hypothesis explains different stages of industri-
alization with relation to the environment. According to the
well-known EKC theory, there is a U-shaped link between
environmental quality and industrial growth. Environmental
contamination and pollution are more common in the early
phases of development. After reaching a certain level of
development, both environmental degradation and pollution
decrease. This implies that demand for environmental qual-
ity increases with income level, in other words, income level
leads to improved environmental conditions in the long run.
The EKC hypothesis has become widely popular in the early
1990s, and many authors tested the validity of the hypoth-
esis. Several studies supported and confirmed the existence
of nexus between variables in the long run; industrial growth
led to improve the environmental condition (Apergis and
Ozturk 2015; Azam and Khan 2016).

Apergis and Ozturk (2015) tested the EKC hypothesis
for the 14 Asian countries using the panel data from 1990
to 2011. They found that CO, emissions and income level
have an inverted U-shaped connection. Similarly, Huang
et al. (2021a) examined impact of green investment, renew-
able energy consumption, and technological innovation on
CO, emission of 30 sample provinces of China from 1995-
2019, and confirmed EKC for provincial data of China. Also,
Huang et al. (2022a) scrutinized the nexus between infor-
mation and communication technologies (ICT), renewable
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energy, economic complexity, human capital, financial
development and ecological footprint for E-7 and G-7 coun-
tries over the period from 1995-2018, and observed that
there is a wide discrepancy in the two groups of countries.

Azam and Khan (2016) empirically estimated the EKC
hypothesis for low-, middle-, and high-income countries
from 1975 to 2014. Over the sample period, the study results
support the EKC hypothesis for low- and lower-middle-
income nations, but fail to support the hypothesis for upper-
middle and high-income countries. Furthermore, energy
consumption has a strong positive link with trade openness
and CO, emissions, but a strong negative relationship with
urbanization and economic growth.

Huang et al. (2022b) manifested that trade openness, envi-
ronmental degradation and urbanization have considerably
decreased the use of renewable energy while an increase in
FDI and the quality of governance leads to a rise in renew-
able energy consumption in five selected ASEAN countries.

The link between CO, emissions and trade openness,
FDI, urbanization, and renewable energy has been inten-
sively investigated, and the results are mixed. The study of
Shahbaz et al. (2019) and Ansari et al. (2020) showed that
trade openness has three kind of environmental effects such
as technical effect, scale effect, and composition effect. In
technical effect, trade boosts technological efficiency, which
improves production and cuts carbon emissions. In scale
effect, free trade upsurges the mobility of capital, goods
and services, increasing trade volume and output level.
Therefore, trade openness might have a subsequently harm-
ful impact on environmental quality. In composition effect,
most of the intensive-pollution industries and firms move to
developing countries, as a result eventually contributes to
deterioration of environmental quality (Zeng et al. 2021).
Thus, it is concluded that scale and composition effects on
the environment are significantly negative, while technical
effect is positive. Huang et al. (2022¢) confirmed that eco-
innovation, human capital and energy price play positive
roles in increasing the consumption of renewable energy
while economic growth and trade openness still promote
non-renewable energy consumption in OECD countries.
Using the two-steps generalized method of moments (GMM)
estimator, the result of Huang et al. (2021b) suggested that
renewable energy has a significant negative effect on CO,
emission in a sample of major renewable energy-consuming
countries for the period of 2000-2015.

In the case of G20 countries, several studies investigated
the relationship between carbon emissions and influenc-
ing factors (Yao et al. 2015; Mardani et al. 2018) and have
diverse outcomes. Yao et al. (2015) discussed the main driv-
ing force of carbon emissions in G20 countries. Accordingly,
economic growth and industrial structure are the dominant
drivers in all emerging and developed economies of G20
countries. Population growth is another important driving
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factor in South Africa, Mexico, and China. In Indonesia and
Saudi Arabia, carbon emissions are driven by total emissions
and energy structure. Furthermore, the study suggested that
improving energy intensity is the main downward driving
factor in carbon emissions.

Despite the fact that the EKC hypothesis existed in
developing countries, there is no evidence to support it in
advanced countries. Mardani et al. (2018) used the adaptive
neuro-fuzzy inference system (ANFIS) model to check the
link between energy consumption, economic development,
and CO, emissions in G20 countries from 1962 to 2016.
According to the estimation results, there is direct relation-
ship between carbon emissions, energy consumption, and
economic growth.

In the above literatures, the links between fossil fuel
energy, industrial value-added, and carbon emission were
studied in terms of the relationship between energy, eco-
nomic growth, and environmental quality. Several studies
were conducted using data set of different regions and coun-
tries and using diverse econometric approaches and different
proxy variables. Most of the earlier studies focused on test-
ing the cogency of the environmental Kuznets curve. These
studies used CO, emission as a dependent variable and GDP
per capita and other relative factors such as urbanization,
energy consumption, trade openness, population growth,
and capital as explanatory variables. However, these find-
ings were mixed and controversy. Some studies reported
positive effect of industrial growth on CO, emission, while
some reported negative. Moreover, relatively a few studies,
especially in G20 countries, have highlighted the role of
trade openness, ICT, R&D expenditures, FDI, and renew-
able energy development. There is a need to understand the
driving force of changes in carbon emission with trade open-
ness, ICT, and R&D expenditures, particularly focusing on
the industrial value-added in more detail in G20 countries.
The reason lies in industrial sector is responsible for more
than one-third of global primary energy and energy-related
CO, emissions.

Methodology and data
Data and variables

The data for this paper are obtained from the World Develop-
ment Indicators (WDI). The choice of countries and period
is based on the data availability. Most of the countries in this
study are G20 countries, which consist of twelve emerging
economies (China, Australia, South Korea, Argentina, Bra-
zil, Mexico, India, Indonesia, Russia, Turkey, South Africa,
and Saudi Arabia), seven developed economies (the USA,
the UK, Canada, Germany, France, Italy, and Japan). This
paper select nineteen countries, seven from advanced and

twelve from emerging economies, for the period 1990-2020.
The dependent variable is carbon emissions (kt). The data
on carbon emissions (CE) are taken from the World Bank
Indicators (WDI). We use two independent variables: (1)
the first is the industrial value-added (constant 2010 USS$),
it comprises value added from mining, electricity, manufac-
turing, construction, gas, and water. Based on the previous
studies, we further add the square of industrial value-added
in a regression model to test the EKC hypothesis. (2) The
second is the aggregate energy consumption in the economy,
which is the sum of fossil fuel and renewable energy con-
sumption. For disaggregate analysis, we separate both fos-
sil fuel energy consumption (FEC) and renewable energy
consumption (REC).

Furthermore, to assess the strength of the relationship
between carbon emissions, industrial value-added, and fossil
fuel energy consumption, we control other potential determi-
nators. Five control variables are identified and incorporated
in the regression model: (1) the first one is the trade open-
ness which is the sum of exports and imports (constant 2010
USS$). (2) The second one is the net inflow of foreign direct
investment (% of GDP) which is the sum of equity, reinvest-
ment of earnings, and other short- and long-term capital
recorded in the balance of payment in the reporting economy
from foreign investors. (3) The third one is the information
and communication technology (ICT). In this study, we use
the sum of imports and exports of information and com-
munication technology goods as a proxy variable for ICT. It
includes the exports and imports of computer and peripheral
equipment, communication equipment, consumer electronic
equipment, and electronic components of ICT miscellane-
ous.(4) The fourth one is the general government expendi-
tures, including health, education, and social service. (5) The
fifth one is the research and development expenditures (%
of GDP) which are used as the proxy for renewable energy
development. The data on all variables are from the World
Bank database. Table 1 describes variables and sources of
data.

The descriptive statistics, correlations among vari-
ables, and data normality tests are reported in Table 2
and Table 3. The summary statistics of CE is between
99,840 and 10,904,840 with positive skewness (3.19) that
is greater than zero. This indicates that the distribution
has a positive long right tail. The kurtosis value of CE
is 13.67, which is greater than three, indicating distribu-
tion peaked. Moreover, all the variables indicate posi-
tive skewness except total energy consumption (TEC) and
fossil fuel energy consumption (FEC). Carbon emissions
(CE) have a long right tail. The kurtosis values are also
positive and greater than three (normal distribution for
Kurtosis stands at 3) which indicate distribution peaked.
However, the overall results of Table 2 indicate that data
is not normally distributed.
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Table 1 Description of variables and source of data

Variables  Description Unit Source

CE Carbon emissions Kilo tonne (kt) WDI (World Bank, 2020)
INVA Industrial value-added (including construction) % of GDP WDI (World Bank, 2020)
INVA™? Square of industrial value-added (including construction) % of GDP WDI (World Bank, 2020)
TEC Total final energy consumption Kg of oil equivalent per capita WDI (World Bank, 2020)
FEC Fossil fuel energy consumption % of total final energy consumption ~ WDI (World Bank, 2020)
REC Renewable energy consumption % of total final energy consumption ~ WDI (World Bank, 2020)
TOP Trade openness (sum of exports and imports) Billion (Constant 2010 US$) WDI (World Bank, 2020)
FDI Foreign direct investment, net inflows % of GDP WDI (World Bank, 2020)
GEX Government expenditures on health, education, and social % of total government expenditures ~ WDI (World Bank, 2020)

welfare

RED Research and development expenditures % of GDP WDI (World Bank, 2020)
ICT Information and communication technology (sum of ICT goods % of total exports and imports WDI (World Bank, 2020)

exports and imports)

Source: author compiled

WDI indicates World Development Indicators; the most recent data of some variables are missing, we use the interpolation method to fill the

missing data

Table2 Summary statistics

Variables Mean Std. dev. Min Max Skew. Kurt.
CE 1,120,000 1,790,000 99,840 10,904,840 3.19 13.668
INVA 30.158 8.922 16.294 66.757 1.25 4.69

INVA? 988.971 648.026 265.499 4456.452 2.092 8.403
TEC 96.161 10.983 59.573 119.177 —1.294 5.501
FEC 80.845 12.99 46.226 107.929 -915 3.125
REC 15.317 14.858 .006 58.653 1.288 3.642
TOP 90.817 76.222 77.340 480.400 2.294 9.94
FDI 1.896 1.755 =2.757 12.763 1.859 9.724
GEX 13.417 4.516 3.574 34.662 819 4.179
RED 1.906 .98 .055 4.19 352 2212
ICT 18.313 11.882 6.95 50.875 1.41 3.835

Table 3 reveals the correlation among variables used
in this study. The correlation results indicate that indus-
trial value-added (INVA=0.115%*, p<0.05), total energy
consumption (TEC=0.039***, p<0.01), fossil fuel energy
consumption (FEC=0.122***  p<0.01I), and other control
variables are significant strong positive relation with car-
bon emissions (CE). In contrast, renewable energy con-
sumption (REC=-0.078%*, p<0.05) is negative with CE. VIF
denotes Variance Inflation Factor.

Model specification and estimation methods
Model specification
This study uses the theoretical model adopted by Ozturk and

Acaravci (2016) for the long-run relationship between fossil

@ Springer

fuel energy, industrial growth, and carbon emissions. The cur-
rent study extends the model by adding macroeconomic fac-
tors which influence carbon emission. The linear relationship
between CO, emissions, industrial value-added, aggregate,
and disaggregate energy consumption is defined as follows:

ey

where CE denotes CO, emissions, INVA is industrial value-
added, TEC shows aggregate energy consumption (sum
of fossil fuel and renewable energy consumption) in the
economy, and X denote control variables. Furthermore,
aggregate energy consumption is divided into fossil fuel
energy consumption (FEC) and renewable energy consump-
tion (REC). The linear relationship among the variables is
expressed as;

CE = f(INVA, TEC, X)

CE = f(INVA, FEC,REC, X) 2)
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Table 3 Correlation analysis

Variables 1 2 3 4 5 6 7 8 9 10 11

(1) CE 1

(2) INVA 0.115%* 1

(3) INVA? 0.116* 0.984%* 1

(4) TEC 0.039%** 0.332%* 0.288* 1

(5) FEC 0.122%%* 0.279%* 0.263%* 0.240%* 1

(6) REC —0.078**  0.002 -0.017 0.529%* —0.697* 1

(7) TOP 0.497%#:** —0.318* -0.270*  —-0.319*  —-0.070*  —0.175* 1

(8) FDI 0.059%* —0.067* -0.024 0.025 0.026 —0.004 0.053* 1

(9) GEX 0.142%* 0.152%* 0.165%* 0.186* 0.100* 0.050%* 0.108*  0.126%* 1

(10) RED 0.207* —0.362* -0.369*%  —-0.564*  -0.057* -0.367*  0.553*  —0.051*  —0.181* 1

(11)ICT 0.537%%% 0.205%**  (0.163* —0.143*%  0.094* -0.187*  0.331*  0.082% 0.183* 0.360*% 1
VIF 1/VIF

CE 1.438 0.695

INVA 1.359 0.736

GEX 1.340 0.746

RED 1.319 0.758

INVA? 1.292 0.774

TEC 1.254 0.797

FEC 1.221 0.819

REC 1.214 0.824

ICT 1.212 0.825

TOP 1.191 0.840

FDI 1.154 0.867

Mean VIF 1.272

w3k pe0.01, ** p<0.05, * p<0.1

To reduce heteroscedasticity and linearized param-
eters, all of the model’s chosen variables (1) and (2) are
converted into natural logarithms. In addition, to test
the validity of the environmental Kuznets curve (EKC)
hypothesis, this analysis incorporates a square of industrial
value-added (InINVAZ%,).

InCE;; = By + w,InINVA;,

+ @, InINVA?,,
+ w;3In FEC;, 3)
+ wyln REC;,
+BX;, +¢€;
where i denotes countries (i=1,2...... 19) and ¢ is the time

(t=1990, 1991, ....2020). InCE;, indicates the natural log
of CO, emissions, [nINVA,, is the natural log of indus-
trial value-added, In TEC,, denotes natural log aggregate
energy consumption in the economy, /n FEC,, shows a
natural log of fossil fuel energy consumption, In REC;,

is a natural log of renewable energy consumption. X;,
denotes control variables including trade openness (TOP),

net inflow of foreign direct investment (FDI), information

and communication technology (ICT), government expen-
ditures (GEX), and renewable energy development (RED).
B, 1s constant parameters, which differ between countries
i and time t. The coefficients w,, w,, w3, and w, indicate
the elasticity of carbon emissions with respect to indus-
trial value-added, aggregate energy consumption in the
economy, fossil fuel energy consumption, and renewable
energy consumption, respectively. If @, >0 and w, <0,
both coefficients are statistically significant. This implies
that there exists an inverted U-shape curve and evidence
that support to EKC hypothesis. If w;>0 and o, >0, it
means that carbon emissions increase with energy con-
sumption, and both are complemented otherwise substi-
tute. If w, <0, it means that carbon emissions decrease
with renewable energy consumption. So, we expected
;>0 and w, <0, implying that industrial development
will decrease carbon emissions and improve the environ-
mental condition in the long run. For w; and w;, we expect
mixed signs, if w; <0 and w, >0 means that countries at
a certain level of development decreased the production
of pollution-intensive and fossil fuel energy-based com-
modities and support renewable energy consumption.
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Estimation methods

The study’s main goal is to investigate the relationships
between fossil fuel energy consumption, industrial value-
added, and carbon emissions in G20 countries. In order to
estimate model (3), we follow the standard econometric panel
methodology suited to large 7 and small N (7> N) panels. This
study uses cross-sectional dependency (CD) test, panel unit
root test, panel co-integration, and CS-ARDL method.

The first step towards the model estimation is to test cross-
sectional dependency among countries/units. In economic
analysis, the cross-sectional arises when one country depends
on another. The dependency of countries occurs due to a
high degree of globalization, strong inter-economic relations,
and integration of finance and trade (Munir et al. 2020). The
main drawback of traditional econometric methods is that they
ignore cross-sectional dependency (CSD); when they ignore
it, the results obtained from estimation can be biased and mis-
leading (Aydin 2019). This study uses Pesaran (2004) CD test
and Pesaran et al. (2008) LM test of error cross-sectional inde-
pendence. The CD test proposed by Pesaran (2004) is written
as follows:

CD = ,/N(N_1)<;J§lpu> )

Pesaran et al. (2008) Lagrange Multiplier (LM) bias-
adjusted version of CD test is written as follows:

N\ (T=K)p2 — B(T = k)p?
LM* -, =
VNN~ 1>(;J§‘1 p”) var (T = P2
®)
where p;; is the sample estimate of the pairwise correlation
of remduals obtained by OLS. We test the null hypothesis
of no cross-sectional dependency against the alternative
hypothesis cross-sectional dependency. Table 4 reports the
CD test results.

After testing cross-section dependency, the next step is
to check the order of integration of variables. This study
uses cross-section augmented Dickey-Fuller (CADF), Im,
Pesaran and Shin (Im et al. 2003), and cross-sectional IPS
(CIPS) panel unit root tests. The former two tests are first-
generation panel unit root tests, while the last one is second-
generation panel unit root test. However, in the presence of
cross-sectional dependency, the first-generation panel unit
test proves misleading results. Im et al. (2003) suggested that
both CIPS and CADF are robust and accurate, so, to avoid
biased results, we apply both first-generation and second-
generation panel unit root tests. CADF equation is given as
follows:

AY, =T, +TZ; + T, + TAY, + 6)

@ Springer

Table 4 Results of cross-sectional dependency test

Pesaran CD test Pesaran bias corrected

LM test

Variables Statistics Prob. Statistics Prob.

Ln( CE) 14.22319%%%* [0.0000] 144.6833***  [0.0000]
Ln(INVA)  28.57133%%%* [0.0000] 91.66571***  [0.0000]
Ln(INVA?)  28.57133%%* [0.0000] 91.66571***  [0.0000]
Ln(TEC) —2.061679** [0.0392] 96.16155***  [0.0000]
Ln(FEC) —2.683010%**  [0.0073]  108.2081***  [0.0000]
Ln(REC) 1.979452%* [0.0204] 80.86078***  [0.0000]
Ln(TOP) 67.59129%:#: [0.0000] 239.3766***  [0.0000]
FDI 16.08846% [0.0000]  24.13542%***  [0.0000]
Ln(GEX) —1.958906%* [0.0279]  69.18266***  [0.0000]
RED —1.983761%* [0.0292] 59.60780***  [0.0000]
Ln(ICT) —2.565245%* [0.0319] 66.2128*** [0.0000]

%% denote statistically significant at 1%, 5% and rejection of the
null hypothesis of no cross-sectional dependency

where A denotes first difference operator, Y, denotes study
variable, and v, is the error term. Based on Equation (6),
CIPS equation is written as follows:

AY, =T, +rz”,+rY,,+z F,JAY_J+2 A + v (7
where Y is average cross-sectional unit and is illustrated as:
Y = DNV
—_—it
+ 2 nINV2
+D3InFEC”
+T*IREC"
+T5IToP” ®)
6—[,[
+T5ImFDI
7—i,t
++[7InICT
+ T8 GEX "
+T°InRED "

The CIPS test statistics is written as:

N
CIPS = N~' )’ CADF, )

i=i

where CADF is cross-sectional augmented Dickey-Fuller.

In the third step, we apply CSD robust Westerlund
(2007) co-integration tests. This test handles cross-sec-
tional error terms and provides robust empirical results.
The test statistics verify the null hypothesis of no co-inte-
gration between cross-sectional units against the alterna-
tive hypothesis of co-integration among the variables.
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Thus, the baseline equation for the WU test is specified
as follows:

a(L)Ay; = G + Gt + &y <AYit—1 —WiXj + ALy + e
(10)
where a; denotes the co-integration vector between study

variables x and y. ¢ represents an error correction coeffi-
cient. The test statistics are written as follows:

G, =N"! ‘i!, (11)
‘ Z{ Se(\p)
N .
_ Ty
G, =N"! 12
. Z,w) (12)
_ v
7 S 9
P, =Ty (14)

where G, and G, represent the group mean statistics, while
Py and P, represent panel statistics. In the next step, esti-
mating the co-integrating vectors to examine the long-run
relationship between fossil fuel energy consumption, indus-
trial value-added, and other influencing factors in G20 coun-
tries. Most past studies used first-generation econometric
techniques and conventional panel econometric approaches
such as FMOLS, ARDL, and DOLS, by assuming cross-
sectional independence. However, several studies criticized
those traditional methods produced inconsistent and biased
results (Aydin 2019; Behera and Mishra 2020). These stud-
ies argued that countries are integrating due to a higher
degree of globalization, economics and trade relations, etc.
After testing cross-sectional dependency, panel unit root,
and co-integration, the final step is to estimate coefficients of
Eq. (3) to check whether they are robust to cross-sectional
dependency. We use the CS-ARDL method; this method has
more power and deals with slope heterogeneity, cross-sec-
tional dependency, and endogeneity (Nathaniel et al. 2021).
Moreover, this method provides precise results in the case
of small sample size. Since the unobserved factors are corre-
lated with explanatory variables, this may cause inconsistent
and biased results. Therefore, CS-ARDL is more powerful to
tackle these issues. The equation of CS-ARDL is given as:

)4 p 1

ACE; = ¢; + Z 0,ACE;_ + Z 078X, + Z 0uZi1 + €
=1 =0 =0

(15)

where Z,, = <ACE,, )_Q) and X, = (INVA,, INVA%,, FEC,, RE

C;.C;). X,, is the set of our main variables and control

variables. Furthermore, for robustness, this study uses the Aug-
mented Mean Group (AMG) method. AMG method is a two-
step procedure to estimate the unobserved common dynamic
effects by allowing the cross-sectional dependency. First, it
estimates regression model with time dummies using first dif-
ference OLS. Second, the group-specific regression model is
augmented either with an implicit variable or a unit coefficient
imposed on each group member. The imposition of the unit
coefficient is implemented by subtracting AMG estimation
from the dependent variable. Moreover, AGM is more essen-
tial due to its acceptability for slope heterogeneity. It provides
results in the presence of cross-sectional dependency, non-
stationarity, and endogeneity problem (Pesaran et al. 1999).

Results and discussion

The first step toward the empirical investigation of the study
is to check the cross-sectional dependency (CD) among the
countries. The CD test results show that cross sections are
dependent, which is evident from the statistical significance
of both tests (Pesaran CD and LM test) at a level of 1%, 5%,
and 10%, respectively, as shown in Table 4. The test statis-
tics reject the null hypothesis of no cross-sectional depend-
ency and accept the alternative hypothesis of cross-sectional
dependency among countries. This indicates that any shocks
in G20 countries tend to be spreading to other countries.

Furthermore, to check the order of integration of vari-
ables, this study employes panel unit root tests, as shown in
Table 5. The results indicate different orders of integration.
However, CIPS test considers the cross-sectional depend-
ency. Furthermore, the first lag is included for removing
serial correlation and test performed for both trend and drift.
The unit root test shows the presence of unit root except for
LnTOP, FDI, RED, and LalCT at 1% and 5% levels of signif-
icance. This implies that there exists long-run co-integration
among study variables.

For the presence of co-integration among the study vari-
ables, we employ Westerlund (2007) test. The results of
WU are reported in Table 6 for the whole sample and sub-
samples (advance and emerging economies). The first two
columns (G,, G,) represent group mean statistics for overall
co-integration, while the last two columns (P, P,) represent
the panel statistics. The results of both columns confirm a
stable long-run relationship among the variables presented
in the models (1) and (2). This implies that there exists long-
run equilibrium between carbon emissions (CE), industrial
value-added (INVA), fossil fuel and renewable energy con-
sumption, and other determinators, namely, trade openness
(LnTOP), net foreign direct investment (FDI), govern-
ment expenditures on education, health, and social welfare
(LnGEX), renewable energy resource development (RED),
and information and communication technology (LnICT).

@ Springer
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Table 5 Results of cross-

. . Level First difference

sectional IPS (CIPS)-panel unit

root test Variables Intercept Intercept and trend Intercept Intercept and trend Order
Ln( CE) —1.781 —1.829 —4.507%#%* —4.631%#%* 1(1)
Ln(INVA) —1.686 —1.858 —4.545%%% —5.057#%* 1(1)
Ln(INVA?) —1.686 —1.742 —4.545%%% —5.057%#%* 1(1)
Ln(TEC) -0.322 —0.895 —4.047%#%* —4.903#%* 1(1)
Ln(FEC) -0.377 -2.025 —4.596%** —4.927#%* 1(1)
Ln(REC) -0.713 —1.810 —4.878%%* —5.110%%* 1(1)
Ln(TOP) —2.694#%* —2.548%%* - - 1(0)
FDI —3.162%%* —3.555%#* - - 1(0)
Ln(GEX) —1.012 —2.623%* —4.859%#:* —5.003 %% I(1)
RED —5.064 %% —5.274 %% - - 1(0)
Ln(ICT) —5.097#s#:* —5.502%3#: - - 1(0)

ik %k denote statistically significant at 1%, 5%, and 10 %, respectively. The null hypothesis is that vari-
able is not stationary. The critical values of the CIPS test are —2 (10%), —2.05 (5%), and —2.14 (1%)

Table 6 Results of Co-integration Test

G, G, P, P,

a) Whole sample

Model_1: Ln(CE)=F(LnINVA, LnINVA?, LnTEC, X) —7.441%%* —14.680** —21.285%** —15.411%**

Model-2: Ln(CE)=F(LnINVA, LnINVAZ2, LnFEC, LnREC,X) —8.97 1% —14.92] % —20.742#x —14.315%#x
b) Advanced countries

Model_1: Ln(CE)=F(LnINVA, LnINVAZ, LnTEC, X) —8.307#%* —14.059* —20.708%** —16.422%**

Model-2: Ln(CE) =F(LnINVA, LnINVA2, LnFEC, LnREC, X) —8.469%%* —15.099%* —20.861%** —16.557***
¢) Emerging countries

Model_1: Ln(CE)=F(LnINVA, LnINVAZ LnTEC, X) —7.337%%* —15.308%* —19.502%%* —17.235%**

Model-2: Ln(CE) =F(LnINVA, LnINVA?, LnFEC, LnREC, X) —7.450%%%* —13.976* —18.230%** —16.127%**

wHk Rk ¥ denote statistically significant at 1%, 5%, and 10 %, respectively

After confirming co-integration among the variables,
there is further estimation of the coefficients of the models
(1) and (2) for the whole and sub-sample countries. For this
purpose, we use two different methods, namely, CS-ARDL
and AMG estimator, as shown in Tables 7 and 8.

In Table 7, we use two different specifications: the first
is total energy consumption and the second is fossil fuel
and renewable energy consumption. According to empirical
results, the CS-ARDL estimator strongly validates the envi-
ronmental Kuznets curve (EKC) hypothesis for the whole
sample and advanced countries. No evidence supports EKC
for emerging economies, as shown in Table 7. Accordingly,
industrial value-added (LnINVA) has a significant positive
impact on CE, while the square of industrial value-added
(LnINVA?) has a significant negative effect on CE. The
total energy consumption (INTEC) has a significant positive
impact on CE for the whole sample and emerging countries
while the negative impact on CE for advanced countries. This
implies that advanced countries switched to produce pollu-
tion-intensive commodities. On the other hand, emerging

@ Springer

economies turned to produce less pollution-intensive com-
modities. Our empirical results are consistent with the pre-
vious studies, such as Wu et al. (2020). The disaggregated
analysis divides total aggregate energy consumption into fos-
sil fuel energy consumption (LnFEC) and renewable energy
consumption (LnREC). The estimated coefficient of LnFEC
is significantly positive, which means that CE increases with
fossil fuel energy consumption. Similarly, the estimated
coefficients of renewable energy consumption (LnREC) are
significantly negative, which suggests that renewable energy
resources help to reduce carbon emissions and contribute to
environmental quality.

The coefficients of trade openness (LnTOP) are sig-
nificantly positive at a 1% level of significance for the
whole sample and emerging economies while negative for
advanced countries. Our results are consistent with previ-
ous studies, such as Shahbaz et al. (2017). These studies
explain three effects due to trade openness, i.e., scale, com-
position, and technical effects. In the scale effect, expansion
of economy is due to trade openness and has a worse effect
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Table 7 Results of CS-ARDL

Whole sample Advanced countries Emerging countries

1 2 1 2 1 2

(a) Long-run coefficients

Ln(INVA) 4.940 8.561 6.759 5.283 9.819 6.871
(0.357)%**  (4.494)** (2.324)***  (3.224)* (5.254)** (2.659)***
Ln(INVA?) —-1.250 —0.688 —1.474 —0.744 0.362 3.612
(0.127)***  (0.215)***  (0.668)* (0.361)***  (0.347) (1.049)*%*%*
Ln(TEC) 0.714 —-0.302 0.912
(0.343)*** (0.758) (.480)***
Ln(FEC) 1.114 0.367 1.415
(0.537)** (0.165)**%* (0.761)*
Ln(REC) —0.823 —0.055 —1.026
(0.222)*%** (0.832) (0.447)%***
Ln(TOP) 1.645 1.165 —0.855 —0.563 0.670 0.760
(0.328)***  (0.474)***  (0.471)** (0.327)* (0.567) (0.175)%**
FDI 0.033 0.522 —0.641 —0.651 0.277 0.578
(0.664) (0.270)***  (0.322)***  (0.214)***  (0.592) (0.338)*
Ln(GEX) —0.780 —0.306 —0.555 —0.696 —0.857 —0.495
(0.233)***  (0.097)***  (0.269)***  (0.857) (0.417)** (0.194)%***
RED —0.351 —0.788 —-0.517 —0.023 —0.667 —0.724
(0.115)***  (0.426)** 0.612) (0.997) (0.306)***  (0.233)***
Ln(ICT) 0.587 0.812 -1.129 —2.342 —0.426 —0.818
(0.104)***  (0.933) (0.324)***  (1.197)* (0.520) (0.266)***
(b) Short-run coefficients
Error correction term  —0.833 —0.981 —0.892 —-0.961 —0.562 —0.432
(0.322)***  (0.092)***  (0.475)* (0.485)***  (0.247)***  (0.200)***
ALn(INVA) 0.678 0.592 6.632 0.130 1.754 0.144
(0.372)** (0.427)***  (2.999)*%**  (0.043)***  (0.441)** (0.940)***
ALn(INVA?) —2.651 0.422 -0.617 —-2.923 —1.885 0.022
(1.330)***  (1.109) (0.145)***  (0.938)***  (0.976)***  (0.670)
ALn(TEC) 2.169 —0.807 0.129
(1.560)* (0.479)* (1.833)
ALn(FEC) 0.780 0.468 0.506
(0.284)**%* (0.065)*%** (0.277)**
ALn(REC) —0.705 —0.895 —0.282
(0.397)* 0.771) (0.067)*%**
ALn(TOP) 0.267 0.634 1.214 0.736 0.739 0.227
(0.154)* (0.218)***  (0.114)** (0.302)***  (0.296)***  (0.021)***
A(FDI) 0.268 0.864 0.504 0.973 0.571 0.201
(0.550) (0.274)*%**  (0.173)***  (0.471)***  (0.270)** (0.716)
ALn(GEX) —0.699 —0.980 0.007 —0.347 —0.893 -0.971
(0.089)***  (0.389)***  (0.300) (0.121)***  (1.023) (0.561)*
A(RED) 0.346 0.624 0.085 0.833 0.581 0.599
(0.154)***  (0.042)***  (0.813) (0.226)***  (0.804) (0.203)***
ALn(ICT) 0.839 0.085 —-0.150 0.847 0.643 0.121
(0.188)***  (0.122) (0.017)***  (0.462)* (0.083)***  (0.958)
Constant 1.516 0.926 —1.084 —0.184 1.717 3421
(0.765)***  (0.361)***  (0.509)***  (0.943) (0.581) (1.396)***

wHk kk Ok denote statistically significant at 1%, 5%, and 10 %, respectively. Standard errors are reported in

0
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Table 8 Results of robustness check-AMG estimator

Whole sample

Advanced countries

Emerging countries

1 2 3 1 2 3 1 2 3
Ln(INVA) 5.933%* 2.624%%* 4.679%* 6.304%%* 7.659%%* 4.001%* —4.210%*%* 7 68%** —4.759%**
(2.737) (1.481) (2.461) (3.162) (3.174) (2.134) 2.12) (3.635) (0.531)
Ln(INVA?) —0.941%*%*  —(0.886%** —0.714%* —3.658***  —2.906%* —2.202%* 0.843%%%* 1.078*%** 0.654%**
(0.318) (0.362) (0.375) (1.075) (1.587) (1.166) (0.39) (0.511) (0.134)
Ln(TEC) 0.968%** —1.546%** 1.059%**
(0.398) (0.191) 0.479)
Ln(FEC) 1.056* 0.9207%#** 0.7207%** 0.848%** 1.660%** 1.552%%*
(0.594) 0.217) (0.256) (0.442) (0.801) (0.445)
Ln(REC) —1.950%** —0.358%#** —0.156%**  —(0.110%** —2.364%%* —0.503%#**
(1.116) 0.113) (0.051) (0.046) (1.215) (0.164)
Ln(TOP) 0.325%** 0.311%** 0.158%#** —0.218%**  —(Q.141%**  —(0.183%**  (.503%** 0.411%%* 0.144%%*
(0.087) (0.074) (0.037) (0.075) (0.039) (0.057) (0.112) (0.106) (0.05)
FDI 0.016%** 0.013%#%* 0.023%* —0.213* —0.002 —0.101#%*  (0.031%** 0.021%* 0.026%**
(0.008) (0.003) (0.014) (0.121) (0.008) (0.008) (0.016) (0.012) (0.013)
Ln(GEX) —0.059%**  —0.035 —0.024%# —0.035 —0.148%* —0.038 —0.072 —0.027* -0.016
(0.024) (0.073) (0.062) (0.118) (0.093) (0.103) (0.135) (0.105) (0.08)
RED —0.087%**  —0.047***  —0.029%* —0.204* —0.211%#%* —0.072%*%*  —0.038%**  —0.035%**  —(.028*
(0.019) (0.011) (0.017) 0.121) 0.112) (0.013) (0.014) (0.014) 0.017)
Ln(ICT) 0.077 0.066 0.203%%* —0.244%%*%  —(0.234%**  —(.058%***  —0.305%**  —0.145%* —0.138%%*
0.113) (0.058) (0.056) 0.111) (0.117) (0.023) (0.159) (0.08) (0.073)
Constant Yes Yes Yes Yes Yes Yes Yes Yes Yes
Trend No No Yes No No Yes No No Yes
EKC Hold Yes Yes No
Countries 19 19 7 7 7 12 12 12
Observations 589 589 589 217 217 217 372 372 372
RMSE 0.059 0.035 0.023 0.0280 0.022 0.018 0.072 0.041 0.026

#Hk ke k denote statistically significant at 1%, 5%, and 10 %, respectively. Standard errors are reported in ()

on the overall environment. The composition effect is owing
to change in the production process based on the compara-
tive advantage, and countries produce pollution-intensive
goods. Finally, the technical effect explains environmental
impact due to knowledge and innovative production meth-
ods. However, our results demonstrate all three effects; scale
and composition effect exist in case of emerging countries
where trade openness worsen than the environmental quality.
While in advanced countries, the composition effect exists,
where environmental friendly technologies and high energy-
efficient techniques are transferred through trade openness.
Similarly, the coefficients of net foreign direct investment
inflows (FDI) are significantly positive with CE in the whole
sample and emerging countries, while negative and signifi-
cant in advanced countries. This indicates that FDI is one
of the major channels for acquiring environmental quality
through green technologies and knowledge transfer. Our
results manifest that in advanced countries, the environmen-
tal cost of pollution is high, and firms and industries move

@ Springer

to emerging economies where the cost of pollution is low.
Thus, FDI increases carbon emissions directly in emerging
economies.

The other factors include research and development (RED)
and government expenditures on education, health, and social
welfare (Ln GEX) which are negatively related to CE. This
indicates that investment in renewable resources infrastructure,
education, health, and other social welfare can help to reduce
carbon emissions across the G20 countries. The improvement
in human and social capital helps to reduce CE and demand
for a clean and quality environment. In addition, the coefficient
of information and communication technology (LnICT) is sig-
nificant and positively related to CE for the whole sample while
negative for advanced and emerging countries.

Furthermore, this study uses AGM method to check the
robustness of CS-ARDL results as shown in Table 8. It is evident
that the sign of long-run coefficients by AGM and CS-ARDL
are similar. The main difference between AMG and CS-ARDL
estimators is the long- and short-run coefficients. The estimated



Environmental Science and Pollution Research (2023) 30:10854-10866

10865

coefficients of industrial value-added and square of industrial
value-added also support the validity of the EKC hypothesis
for whole sample and advanced countries, while no evidence
supports to EKC hypothesis for emerging countries. The coef-
ficient of total energy consumption (LnTEC) is positive in the
long run for the whole sample and emerging economies while
significantly negative for advanced countries. The short-run
coefficient of LnTEC is also positive and significant for all cases.
Similarly, the coefficient of fossil fuel energy is significantly
positive for the whole sample and emerging countries in the long
run while significant negative for advanced countries. Other esti-
mated CS-ARDL coefficients are the same sign as AMG. In the
long run, the coefficient of (LnTOP) is positive while negative in
the short run for advanced countries. In addition, the significant
and negative error correction coefficient (EC) shows a stable
long-run relationship among the study variables.

Conclusion

This study was designed to investigate the links between
fossil fuel energy consumption, industrial value-added,
and carbon emissions in G20 countries. Trade openness,
net inflow of foreign direct investment, renewable energy
development, and information and communication tech-
nology are major determinators of carbon emissions in
G20 countries. Several panel econometric methods were
employed to achieve the study’s objective, for instance,
cross-sectional dependency, first- and second-generation
unit root test, WU co-integration test, AMG, and CS-
ARDL estimators. The panel co-integration approach was
applied to check the existence of stable long-run co-inte-
gration among study variables. These latest and recently
developed panel econometric methods help to address the
problem of cross-sectional dependency and retrieve unbi-
ased empirical results from panel data.

We concluded that (1) the environmental Kuznets curve
(EKC) hypothesis is valid for advanced countries, and no
evidence supports to EKC hypothesis for emerging coun-
tries. There exists inverted U-shaped relationship between
carbon emissions and industrial value-added. This implies
that industrial value-added increases and then decreases
carbon emissions. (2) Total energy consumption increases
carbon emissions in emerging countries while decreases
carbon emissions in advanced countries. This indicates that
advanced countries produce environmental friendly commod-
ities while emerging countries produce pollution-intensive
commodities. (3) Fossil fuel energy directly increases car-
bon emissions while renewable energy consumption reduces
carbon emissions. (4) Trade openness and net foreign direct
investment inflow significantly decrease carbon emissions in
advanced countries while increasing in emerging countries.
(5) The other significant factors influencing carbon emissions

include government expenditures on education, health, social
welfare, investment in renewable energy resources, and infor-
mation and communication technology.

This study has the following significances for sustaina-
ble development policy. First, renewable energy resources
development helps to decrease carbon emission in all
samples of group. It is strongly recommended that govern-
ments should make efforts to stimulate the development
of renewable energy. Second, industrial structure matters
the consumption of energy. Countries should upgrade
their industrial structure to shift the energy demand from
fossil fuel energy to renewable energy sources. Third, the
EKC does not exist for all countries. Countries should
employ flexible policies with the consideration of their
own situations.
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