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Novel research methods on evaluating the nexus
between energy consumption, economic growth and
environment: evidence from China

Bo Feng

School of Economics, Central University of Finance and Economics, Beijing, China

ABSTRACT
Since the debate concerning economic growth, energy consump-
tion, and environmental degradation is a burning issue in the last
few decades. Yet the outcomes are controversial and requires
more empirical work. This study used novel research methods to
investigate the said issue in case of China since is the leading
energy importing and pollution emitting economy. The time ser-
ies data covers the period from 1969 to 2018 is analyzed via
employing the novel Quantile-on-Quantile regression methods.
The estimated results unveil that fossil fuel consumption signifi-
cantly enhances carbon emissions in the country in the lower and
middle quantiles. Besides, the economic growth showed an
inverted U-shaped impact on the carbon emissions, where the
lower-medium quantiles showed positive and the upper quantiles
exhibit negative impact on carbon emissions. Besides, the positive
association between economic growth and fossil fuel emissions
are also evident in the analysis. The Granger causality indicates
that there is a bidirectional causality between the study variables
– validating that economic growth and fossil fuel consumption
are the primary sources of increased emissions level. On the basis
of empirical results, this study suggests the adoption of energy
efficient/saving products and services, diverting economic growth
to renewable and environmentally friendly energy resources,
technological innovation and increased investment in the
research and development to reduce dependency on fossil fuel
energy consumption and attain low carbon economy.

List of Abbreviations: CO2: Carbon dioxide; EKC: Environmental
Kuznets Curve; OECD: Organization of Economic Cooperation and
Development; G-7: Group of Seven; RCEP: Regional
Comprehensive Economic Partnership; FMOLS: Fully-Modified
Ordinary Least Square; DOLS: Dynamic Ordinary Least Square;
ARDL: Autoregressive Distributed Lag; CCEMG: Common
Correlated Effect Mean Group; AMG: Augmented Mean Group;
VECM: Vector Error Correction Model; PVAR: Panel Vector
Autoregressive; GHG: Greenhouse Gas; N2O: Nitrous Oxide; CH4:
Methane; FFC: Fossil Fuel Consumption
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1. Introduction

Since the last few decades, the nexus between economic growth, energy consumption
and carbon (CO2) emissions are the most burning issue across the world. Kraft and
Kraft (1978) were the first to investigate the link between economic growth, energy
consumption, and CO2 emission in the United States. Afterwards, numerous add-
itional studies have subsequently been published that look at different nations,
regions, and groups of countries concerning the said nexus. The discussion over this
topic is becoming more important in the literature on CO2 reduction and energy eco-
nomics since empirical studies demonstrate that nations that generate and use more
energy are the rich economies than the other economies (Owusu & Asumadu-
Sarkodie, 2016). Similar is the case of China, which is the most populated country
across the world (1.4 billion population as of 2019) and a rapidly developing eco-
nomic strength, making it the global largest producer and consumer of energy (U.S.
Energy Information Administration, 2019). With its crucial role in the regeneration
and extension of the Belt and Road Initiative, and with several nations registering by
the day to encourage trade as well as economic growth, it is becoming progressively
concerned about the environmental impact. The reason for this is that China’s energy
demands are significantly reliant on coal, which is accounted for 58 percent of
China’s energy consumption in 2019 (U.S. Energy Information Administration, 2019).
As a result, the necessity for important stakeholders and the authorities to understand
the complex interrelationship and future pathways of the tested parameters would
result in the construction and implementation of strong, efficient, and environmental
policies. Since China is the leading energy importing economy across the world, this
economy also got the title of the leading emitter in the world. In other words, the
most polluted country is considered as China. Also, the rapid economic growth and
industrial expansion further fuel the need of traditional non-renewable energy con-
sumption. Which is quite alarming and need immediate action to tackle the issue.
Therefore, any policy level change regarding the economic growth and environmental
recovery could provide a path for the rest of the emerging economies.

Climate change has captured the interest of globally recognized organizations, gov-
ernments, and scholars as one of the most severe environmental challenges of modern
times. The overall CO2 emission that causes global warming is regulated by energy
consumption intensity, economic growth, rising population, and the CO2 emissions
intensity, as per the Kaya identity (Kaya & Yokoburi, 1997). Policymakers and
researchers, on the other side, have ascribed the higher CO2 emissions intensity to
increasing energy use as a result of fast economic expansion and greater usage of fos-
sil fuels (Sohag et al., 2015). The entire cost of global warming due to CO2 emissions
is predicted to be around 5% of GDP each year, currently and in the future, and even
20 percent if timely action is not performed (Stern & Stern, 2007). As a result, to
minimize CO2 emissions, energy demand must be controlled (Martinho, 2016). On
the other hand, it is also claimed that reducing CO2 emissions has macroeconomic
consequences (Fan et al., 2010). As energy is a significant input in the factor of pro-
duction, any attempt to restrict energy use in order to minimize CO2 emissions
would put a downward influence on the growth of the economy. Economic,
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ecological, and energy efficiency strategies are all in conflict with one another as a
result of these counterarguments.

As a result of such competing views, two significant streams of empirical research
have emerged. The initial line of the empirical study looked at the environment-eco-
nomic growth nexus, with the goal of proving the Environmental Kuznets curve
(EKC) validity. According to the EKC, the environment’s quality will first decrease as
income rises, but will finally improve in the long run as income rises (Grossman &
Krueger, 1995). Hence, a rise in economic development will initially boost CO2 emis-
sions, but as economic growth improves, CO2 emissions will decline due to environ-
mentally friendly resources consumption. The pollution-economic growth connection
has been the subject of several scholarly research, with mixed results (see for
instance, Soytas et al., 2007; Wen et al., 2021). In contrast, the link between economic
growth and energy use has been the focus of the second strand of empirical investiga-
tions. As mentioned earlier, Kraft and Kraft (1978) established this research in their
project. However, an omitted variable bias might have resulting in contradictory esti-
mations in previous versions of these experiments, which were done in bivariate
models (see Yu & Hwang, 1984). On the other hand, recent research has used multi-
variate models and sophisticated time-series estimating methodologies, still, the
results are mixed (Acheampong, 2018; Zhang & Cheng, 2009, among others).

Some experts propose that such two constituents of research should be combined
since the causal link between CO2 emissions, economic growth, and energy consump-
tion has significant policy consequences (Soytas & Sari, 2009). Energy use has a
powerful effect on CO2 emissions (Ang, 2007), therefore knowing the correlations
between these variables in parallel would aid in resolving any potential conflicts
between policies regarding, environmental, economic and energy conserva-
tion measures.

This paper aims to analyze the influence of fossil fuel consumption on CO2 emis-
sions in China. Since the causal association only is limited to direct the specific policy
measures regarding energy and environment. Therefore, this study extensively meas-
ures the association between these variables by using a novel econometric approach.
The contradictory results in relation of the economic growth and CO2 emissions help
constitute the second aim of this study. In other words, this study aims to reinvesti-
gate the influence of economic growth on CO2 emissions. Thirdly, this study analyzes
the association of fossil fuel consumption and economic growth distinctly. Following
the earlier studies, this study also aims to analyze the causal nexus of these mentioned
variables in the extended available dataset. In order to achieve these objectives, this
study uses a novel research method such as employing the Quantile-on-Quantile
regressions, which is efficient in dealing the data with abnormality behavior. This
study contributes to the existing literature by providing distinctive empirical evidence
for fossil fuel energy and CO2 emissions, economic growth and CO2 emissions, eco-
nomic growth and fossil fuel consumption. Although the earlier studies cover the
said nexuses between the variables, yet the contribution of this study will help assure
the true association between these variables. In addition, most of the earlier studies
have considered limited datasets, that could lead to invalid or biased results. In this
sense, the contribution of this study is worthy to the existing academic literature that
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providing empirical evidence for the extended dataset available – covering the period
from 1969 to 2018 in China. Lastly, Hence, this study contributes to the existing lit-
erature by providing new policy insights and measures for effective policy making.
Based on the results of this extended data, policy-makers and governors may be bene-
fited to implement appropriate regulations that not only tackles the issue of emis-
sions, but also economic sustainability.

The manuscript is further classified into four sections, where the relevant literature
review is provided in Section-2; data and the methodological setup is presented in
Section-3; the estimated results are provided and discussed in Section-4. While
Section-5 presents the concluding remarks and policy implications.

2. Literature review

During the last three decades, extensive evidence has been provided regarding the
association of energy consumption and environmental quality of various countries
and regions. More specifically, empirical studies in the last two decades have consid-
ered energy consumption as a substantial factor of environmental degradation. The
study of Soytas et al. (2007) investigated United States concerning the causal associ-
ation between energy consumption, economic growth and CO2 emissions. The empir-
ical findings asserted that the income does not Granger causes CO2 emissions,
whereas energy consumption does. Therefore, the study claimed that instead of
income, energy related policies could be used as a tool for environmental recovery. In
case of Turkey, Ozturk and Acaravci (2010) analyzed the period from 1968 to 2005
and validates the long-run association between the variables (energy consumption,
CO2 emissions and economic growth). The study asserted that income enhances
energy consumption as well as CO2 emissions. On the contrary to Soytas et al.
(2007), this study revealed that no causal association exist and the environmental
Kuznets curve (EKC) paradox is not valid in Turkey. On the other hand, Pao and
Tsai (2010) examined BRIC economies throughout 1971–2005 in order to examine
the impact of energy and income on environmental quality. The examined results
unveil that the energy consumption significantly enhances emissions. However, the
influence of income or economic growth is found inverted U-shaped, that validates
the EKC hypothesis in these economies. Besides, the study provides evidence of bidir-
ectional causal nexus between energy consumption and emissions, and energy con-
sumption and economic growth.

In the same line, Ang (2007) used vector error correction modelling approach and
demonstrates that economic growth significantly promotes energy use, that further
enhances environmental pollution in France between 1960 and 2000. In case of the
European economies, Acaravci and Ozturk (2010) used autoregressive distributed lags
model and asserted that energy consumption is the substantial factor of emissions in
the region. The study also revealed that economic growth positively influences emis-
sions, while squared economic growth exhibit negative influence on emissions in the
region – validating EKC paradox in Denmark and Italy. Another study of Ang (2008)
analyzed the causal nexus of under discussion variables over the period from 1971 to
1999. The examined results asserted that the energy consumption and CO2 emissions
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are positively affecting economic growth in Malaysia. Besides, the authors claimed
that there exists unidirectional causal association running from economic growth to use
of energy in the long- and short-run. Generally, it is believed that energy consumption
is dependent on the prices of energy. However, the study of Belke et al. (2011) demon-
strates that energy use in the 25 Organization of Economic Cooperation and
Development (OECD) economies is price inelastic. However, the cointegration relation-
ship exist between energy use and growth of economy. Besides, two-way causal associ-
ation is validated between these two variables. Moreover, there are number of earlier
studies that considers causal association as well as influence of fossil fuel energy con-
sumption and economic growth on CO2 emissions in various countries and regions
(see for instance Apergis & Payne, 2010; Aqeel & Butt, 2001; Hondroyiannis et al.,
2002; Mehrara, 2007; Lee & Chang, 2008; Wolde-Rufael, 2009). However, these studies
mentioned that the influence of renewable energy consumption on economic growth
and environmental quality is positive in both developed and developing economies.

Beside the nexus of economic growth and energy use with the CO2 emissions,
recent studies have also empirically tested the association of financial inclusion and
environmental quality. Specifically, the study of Shahbaz et al. (2022) examined the
effects of financial inclusion collaborative emissions reduction on case of China
throughout 2001–2017. The estimated results asserted that financial inclusion
adversely affects emissions and improves environmental quality. Similar findings
regarding the nexus of financial inclusion and pollution via quantile regression for
the emerging seven economies is also provided by Qin et al. (2021a). Beside financial
inclusion, Shahbaz et al. (2021) investigated the G-7 economies over the period
1870–2014 via employing time-varying cointegration approach. The estimated results
asserted that financial development heterogeneously influences emissions of each
country. Also, the study of Zhao et al. (2021) examined financial risk in case of the
RCEP and non-RCEP economies and concludes that financial risk and technological
innovation heterogeneously affects global emissions level. On the other hand, Shahbaz
et al. (2015) and Dong et al. (2021) argued that the development of foreign direct
investments and energy resiliance leads to enhance environmental quality degrad-
ation, that validate the pollution haven hypothesis from the global perspective. In
addition to that, imposing pollution fees could also reduce the level of emissions in
China (Dong et al., 2022). As per the recent study of Shahzad et al. (2021) and Qin
et al. (2021b), environmental legislations in the form of taxes and level of income,
and financial development encourages the renewables generation in developed econo-
mies and China, which consequently reduces the level of emissions in the regions.

Apart from the earlier studies, number of recent studies also examined the nexus
of energy consumption, economic growth and CO2 emissions. Specifically, Tang et al.
(2016) examined energy use and economic growth along with other macroeconomic
variables in case of Vietnam throughout 1971–2011. Using cointegration and Granger
causality approaches, the study found the existence of cointegration association
between the variables in long-run. Also, the authors claim that energy use, foreign
direct investment and capital stock are the primary factors of economic growth in the
country. Besides, findings revealed that there is a unidirectional causality from energy
use to economic growth, that validates Vietnam is an energy dependent economy. On
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the other hand, Acheampong (2018) analyzed 116 economies throughout 1990–2014
and employed multivariate model. The estimated results illustrate that economic
growth do not cause economic growth, whereas energy consumption has a unidirec-
tional causal impact on economic growth. On the other hand, two-way causal nexus
exists between emissions and economic growth. The study also identified the causal
nexus of energy use and CO2 emissions. The recent study of Wen et al. (2021) exam-
ined the impact of fossil energy, globalization, and economic growth on emissions of
the South Asian countries between 1985–2018. Employing fully modified ordinary
least square (FMOLS) approach, the estimated results reveal that globalization and
fossil fuel energy consumption positively impact emissions in the region. However,
economic growth asserted that there exists an inverted U-shaped relationship – vali-
dating EKC hypothesis in the region. In the same line, Ahmed et al. (2022) examined
22 OECD economies over the period 1971–2020 via employing cross-sectionally aug-
mented ARDL approach. The examined results concludes that militarization, non-
renewable energy consumption, and economic growth positively and significantly
affect CO2 emissions in the region. However, renewable energy promotes environ-
mental quality improvement. In case of 22 top remittance receiving economies, Zafar
et al. (2021) unveils that although economic growth enhances the level of pollution.
Still, remittances, renewable energy and export diversification helps reduce environ-
mental degradation in the region. In case of the G-20 economies, Li et al. (2020)
examined the under-discussion association via applying the common correlated effect
mean group (CCEMG) and augmented mean group (AMG) approaches. The study
found that economic growth and energy use are bidirectionally connected to emis-
sions in the region. This indicates that economic growth and energy use are the key
factors of environmental degradation in these economies. However, foreign direct
investment is unidirectionally connected to emissions. Salari et al. (2021) studies the
1997–2016 period in case of the US and concludes consistent findings to the existing
literature that fossil fuel energy (total, industrial, non-renewable, and residential) con-
sumption encourages CO2 emissions in the country, while renewable energy reduces
them. In addition, the study asserted the validity of EKC paradox in the US.

Apart from the EKC paradox validity, Luan et al. (2022) uses econometric tools
such AMG, FMOLS, and DOLS approaches and reveal that investment in new energy
industry significantly reduces the level of harmful emissions in Chinese provinces.
Where the green development could be a prominent source of emissions reduction in
province like Anhui in China (Cai et al., 2022). Since China is an emerging economy
and remained on the top of the list in energy imports and emissions. Therefore,
scholars and policy-makers have provided empirical view on China in different peri-
ods. Specifically, Zhang and Cheng (2009) examined the period from 1960–2007 by
utilizing multivariate modelling approach. The estimated results asserted that there
exists unidirectional causal influence from economic growth to energy use, and
energy use to emissions. The study validates that both energy use and emissions are
not the substantial factors of economic growth in the country. The recent study of
Kongkuah et al. (2021) examined the role of international trade and urbanization in
the nexus of energy use, economic growth, and environmental degradation.
Employing the FMOLS and vector error correction model (VECM), the results
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asserted that trade openness, energy use and economic growth are the factors of
environmental degradation in China. However, urbanization exhibits negative and
significant influence on the environmental quality degradation. In the same country,
Zhao et al. (2021) estimated the period 2000–2017 by utilizing panel vector autore-
gressive (PVAR) and system-generalized method of moments. The examined results
asserted that economic growth and energy consumption are the significant factors of
each other, where bidirectional causality also exists between them. Besides, economic
growth contributes to environmental degradation in China. However, fixed asset
investment substantially reduces environmental degradation. In case of 30 Chinese
provinces, Zhang and Zhang (2021) provide evidence from the VECM granger causal-
ity test that emissions and economic growth are bidirectionally connected in the
long-run. Whereas, economic growth is bidirectionally associated to tourism only in
the short-run.

3. Data and methodology

3.1. Data

Based on the objectives and above literature review, this study used three variables.
Where the dependent variable is carbon dioxide (CO2) emissions. The greater part of
greenhouse gas (GHG) emissions from the industry are CO2, but minor quantities of
nitrous oxide (N2O) and methane (CH4) are also produced. Such hazardous gases are
produced when fossil fuels such as natural gas, coal, and oil, are burned to generate
power or electricity (US-EPA, 2019). Besides, China is among the top pollution emitter
in the world. Since the CO2 emissions cover most of the GHG emissions in the coun-
try, therefore it is important to empirically investigate the CO2 emissions of China. The
CO2 emissions are measured in kiloton (kt) In addition, two explanatory variables are
taken into consideration. Firstly, the fossil fuel consumption (FFC), where coal, oil, pet-
roleum, and natural gas products are examples of fossil fuels. Since fossil fuels take mil-
lions of years to develop and reserves are drained considerably quicker than new ones
are created, they are non-renewable resources.1 Here, the variable FFC is measured as
percent of total energy consumption. Secondly, this study used economic growth,
which could be a substantial factor of CO2 emissions in China. In order to proxy eco-
nomic growth, this study used the gross domestic product (GDP), which is the market
value of all final services and goods produced in a particular time period in a country.
Since the GDP considers consumption, investment, and government expenditures,
therefore it could effectively represent economic growth and is measured at constant
2015US dollars. Time series data for these variables cover China over the extended
period from 1969 to 2018. For all the variables, the time series data is extracted from
the World Development Indicators (World Bank, 2022)2.

3.2. Estimation strategy

3.2.1. Descriptive statistics and normality check
This study calculated the descriptive statistics of all the variables under study, i.e.,
CO2, FFC, and GDP in the selected country over the time. Specifically, evaluation for
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the variables’ mean and median values are provided for the period 1969–2018.
Additionally, this study provides the standard deviation of each variable, that demon-
strates variability of observation from the mean value and also indicates volatility of
the concerned variables. Moreover, the skewness and Kurtosis values are also esti-
mated that indicates normality of variable or data. However, in order to measure nor-
mality of the variable more comprehensively, we employed the normality test
proposed by Jarque and Bera (1987). This normality test ponders both the skewness
and excess Kurtosis to deliver results of the data’s normality. The standard equation
form of the Jarque and Bera (1987) normality test is provided as follows:

JB ¼ N
6
: S2 þ ðK�3Þ2

4

� �
(1)

Where the Eq. (1) assumes that both the skewness and excess Kurtosis are equal to
zero – null hypothesis. However, if the probability values for each variable is signifi-
cant at 1%, 5%, or 10% levels, the null proposition could be rejected, which concludes
that the data is not normally distributed.

3.2.2. Stationarity testing
Time series data stationarity is a typical issue. Before employing an econometric
model, make sure that the variables are stationary. Conventional approaches of
applied econometrics assessment are founded on the assumption of normality, which
states that the mean and variance do not fluctuate over time (Khan et al., 2020).
Many economic factors, however, do not have constant mean and variance, and these
variables are referred to be unit root components. In the case of stationary data, the
traditional technique [i.e., ordinary least square (OLS)] yields biased and inaccurate
results. Dickey and Fuller (1979) presented an augmented Dickey-Fuller (ADF) unit
root testing approach, which we employed in our study. The ADF unit root test is
used in our empirical study to ensure that each variable is stationary.

3.2.3. Quantile on quantile (QQ) regression
The Quantile-on-Quantile (QQ) approach is used in this work, as discussed and rec-
ommended by Sim and Zhou (2015). This method, often known as the generalization
of the conventional and standard quantile regression model, helps analyze the impact
of one variable’s quantiles on the quantiles of another variable. It also employs two
different methods: first, quantile regression, which examines the influence of indica-
tors on the quantiles of dependent variables, and second, non-parametric estimation.
Koenker and Bassett (1978) proposed a more advanced version of basic ordinary least
square (OLS) based linear regression, in which the averages of variable is matched to
another variable’s averages. On the contrary, quantile regression may be able to
describe more quantile variation, allowing analysts to forecast with fewer complica-
tions. Furthermore, as Stone (1977) and Cleveland (1979) explore and demonstrate,
traditional regression decreases dimensionality to integrate a linear function, resulting
in a loss of prediction ability. Once the explanatory factors’ quantiles are matched to
the quantiles of dependent variables, as enabled by the QQ approach, the forecasting
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ability improves since more variance between the elements are explained (Shahzad
et al., 2017). The following is an expression for a non-parametric QQ regression
model:

CO2t ¼ bh Ztð Þ þ lht (2)

Where the above equation reveals that CO2t is carbon emissions in a particular
time period, and Zt represents the vector that captures each independent variable uti-
lized in this study, including FFC, and GDP during the study period. Additionally, h
shows the hth quantile, which is opted based in the standard conditional distribution,
and the error term is depicted by the vector lht : Here, the conditional h th is taken as
equal to zero. Further, bh �ð Þ demonstrates the unified function because of the lacking
information regarding the between explanatory and dependent variable (CO2t

and Zt).
The QQ approach examines the association between numerous elements while

determining the entire behavior of the ideas. Specifically, any positive or negative
shock in Zt , has the same impact on CO2t: For e.g., the sorts of disturbances in Zt

can be negative or positive, and the CO2t can respond symmetrically or
asymmetrically.

To examine the impact of CO2t 's hth quantile on the Z's sth quantile, the priorly
mentioned equation could be analyzed along with the Zt in a linear regression model-
ling. As the bh �ð Þ function is unified, therefore the Taylor’s expansion first order
function may be given as below:

bh Ztð Þ � bh Zsð Þ þ b
�h Zsð Þ Zt � Zsð Þ, (3)

From Eq. (3), b
�h represents the partial derivatives of bh Ztð Þ in terms of individual

independent variable – also known as response of marginal effect. Such can be calcu-
lated likewise the traditional linear regression modelling approach. In addition, the
parameters are double indexed, which can be seen on the latter equation, i.e., b

�h Zsð Þ
and bh Zsð Þ in relation of h and s: Moreover, the function Zs indicates both b

�h Zsð Þ
and bh Zsð Þ: Here, Zs is the functional form of s revealing bh Zsð Þ and b

�h Zsð Þ both
are the functional forms of h and s: Further, the arrangement of both bh Zsð Þ and
b
�h Zsð Þ is given as b1ðh, sÞ and b2ðh, sÞ appropriately. Hence, the transformed ver-

sion of Eq. (5) could be expressed as follows:

bh Zsð Þ ¼ b1 h, sð Þ þ b2ðh, sÞðZt � ZsÞ (4)

However, the latter could be further organized as the final form is expressed as:

CO2t ¼ b1 h, sð Þ þ b2ðh, sÞðZt � ZsÞ þ lht (5)

In the above Eq. (5), (�) is the conditional quantile (hth) of carbon emissions
depicted as CO2t: In the said conditional quantile, the parameters are indexed twice,
‘b1’ and ‘b2’ in terms of h and s, correspondingly, whereas this shows the hth quan-
tile of dependent variable CO2t with the explanatory variable’s sth quantile. A
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fluctuation may exist among the hth quantiles parameters of CO2t and the explana-
tory variable’s sth quantile. Furthermore, no prospects exist there between the said
variable at any point in time. Consequently, the above-mentioned equation assesses
the connection of the model that is distribution-based dependence of the study varia-
bles. Moreover, in the under-discussion equation, the predicted correspondents bZt

and Ẑs could be replaced with the Zt and Zs, respectively. Thus, the estimated coeffi-
cients (b1 and b2), represented by b1 and b2, could be predicted via the linear regres-
sion model and the minimization problem may be used for estimation as given
below:

minb1, b2
Xn
i¼1

qh CO2t � b1 � b2ðbZt � ẐsÞ
h i

� K
Fn Ztð Þ� s

h

� �
, (6)

From Eq. (6), qhðuÞ represents quantile loss, and may be described as qh uð Þ ¼
u½h� I u > 0ð Þ�: Where the unusual indicator’s structure could be shown as I and the
K (�) demonstrates the kernel function, while the kernel bandwidth parameter is rep-
resented by h.

In current study, the Gaussian kernel is used to estimate the weighting of Xs's
neighborhood data. In economics and finance, the Gaussian kernel is among the
most widely used, researched, and famous kernel functions, with the benefit of being
easy to execute and assess. As it approaching 0, this kernel has the advantage of being
symmetrical, with low weights applied to succeeding data. The mentioned weight and
distance among the bXt distribution function is inversely related in this study, which
could be expressed as FnðbZtÞ ¼ 1

n

Pn
k¼1 Ið bZk > bZt Þ, while the distribution function

results are depicted by s, which may deal with the X̂s quantile.

3.2.5. Panel causality test
Employing the QQ regression approach led to provide the long-run association of
each explanatory factor with the CO2 emissions at each specific quantile. Yet, this
approach is limited in terms of causal properties between FFC, GDP, and CO2 emis-
sions. Therefore, we employed the Granger causality test developed by Granger
(1969). Regression analysis often represent ‘simple’ correlation, but Granger (1969)
proposed that causality in economics might be evaluated by calculating the capacity
to predict future values of a time series given previous values of some other time ser-
ies. This test can be performed on the leveled or first differenced data. In order to
analyze the null hypothesis of the said test that z does not Granger cause x, it is
important to identify the proper lagged values of x to consider it in a univariate
autoregression of x.

xt ¼ h1 þ h2xt�1 þ h3xt�2 þ :::þ hmxt�m þ et (7)

The augmentation of the autoregression via incorporating lagged values of z, given as:

xt ¼ h1 þ h2xt�1 þ h3xt�2 þ :::þ bpzt�p þ :::þ bqzt�q þ hmxt�m þ et (8)
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All lagged values of z that remain singularly significant based on their t-statistics
are retained in this model, given that they jointly add predictive power to the regres-
sion based on an F-test. Here, p is the minimum, and q is the largest, lag length
whereby the lagging value of z is meaningful in the prior extended regression. If no
lagging values of z are kept in the regression, the null hypothesis that z does not
Granger cause x will be accepted.

4. Results and discussion

This study begins the empirical results section by providing the descriptive statistics and
normality estimates of the variables under study, as reported in Table 1. Specifically, the
mean values of all the three variables are positive, which indicates that economic growth,
fossil fuel energy consumption, and carbon emissions followed a steady path of increase.
Also, the median values are positive and for FFC the median values are approximately
the same to mean values. Besides, the standard deviation is found higher for all the
three variables i.e., CO2, FFC, and GDP: This reveals that these variables are fluctuating
across the time. In addition, the skewness and Kurtosis values are also provided in the
under-discussion table, which indicates that the statistical values are different than the
tabulated values of skewness and Kurtosis for CO2, FFC and GDP: On the other hand,
the Jarque and Bera (1987) normality test provides statistically significant estimates as
shown by the probability values of CO2 and GDP, that rejects the null hypothesis of
data being normal and asserted that data is non-normally distributed. However, the val-
ues of FFC is statistically insignificant, which holds the property of data’s normality. In
order to tackle the data non-normality issue, this study uses a novel QQ regression
approach that allows for data normality in a time series.

After the data normality check, this study tested the for the presence of unit root
in the time series. In this regard, the estimated results of the ADF unit root test are
provided in Table 2. The estimated results of variables at I(0) reports that all the vari-
ables are non-stationary and the unit root is present. This indicates that a structural
break(s) is evident in the time series of CO2, FFC, and GDP: Since all the variables
follows the property of non-stationary time series, therefore the said test is employed
on the data at first difference. The I(1) statistics are found highly statistically signifi-
cant at 1%, 5%, and 10% levels, that rejects the null hypothesis of the unit root pres-
ence. Instead, the variables are stationary.

Since the Jarque and Bera (1987) demonstrates the non-normal or irregular data
distribution. This allows current study to utilize the QQ regression, which is an

Table 1. Descriptive Statistics and Normality Test.
CO2 FFC GDP

Mean 4002822. 76.51348 3.32Eþ 12
Median 2703715. 76.75691 1.56Eþ 12
Std. Dev. 3172778. 9.290159 3.82Eþ 12
Skewness 0.906585 �0.230616 1.276912
Kurtosis 2.319042 1.874670 3.400423
Jarque-Bera 7.815179 3.081466 13.92157
Probability 0.020089 0.214224 0.000948

Source: Authors own estimation on data obtained from given sources.
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efficient estimator in tackling abnormality of the time series. Figure 1 reports the
graphical display of the association between FFC and CO2 emissions in China. As per
Xu et al. (2021), the darker blue color demonstrates the lower coefficient value of the
influence, whereas the darker red color indicates the higher magnitude value of an
explanatory variable on the dependent variable. The estimated results revealed that
the there is a positive impact of FFC on the CO2 emissions in the lower quantiles.
However, the magnitude or the coefficient values becomes stronger while moving
from Q0 to Q0.5. Here, the magnitude values range from 0 to 150 across the five
quantiles. This positive association between fossil fuel energy consumption and CO2

emissions is consistent to the existing literature. That is, the study of Soytas et al.
(2007) and Ozturk and Acaravci (2010) validates the positive impact of fossil energy
consumption on emissions level in the United States and Turkey. Such findings are
in line to the recent studies of Wen et al. (2021) in the South Asian economies and
Li et al. (2020) in G20 economies, that reveals that energy consumption is the key
factor of pollution emissions in these regions. Since China is an emerging economy
that primarily focused on the industrial sector’s development and expansion.
However, the primary energy source used in the industrial as well as household sec-
tors are the fossil fuel energy consumption. On the one hand, this fossil fuel energy
consumption fulfills the demand for energy requirements. On the other hand, com-
bustion of such non-renewable energy sources produces CO2 emissions, which
adversely affects environmental quality of China (Kongkuah et al., 2021). In other
words, when fossil fuels such as oil, coal, and natural gas are used, they not only

Table 2. Augmented Dickey-Fuller test.
Variable I(0) I(1)

CO2 �2.134 �5.790���
FFC �1.434 �5.754���
GDP �2.843 �5.409���
Note: Significance level is denoted by ��� for 1%, �� for 5% and � for 10%. I(0) is for level, and I(1) is for the
first difference.
Source: Authors own estimation on data obtained from given sources.

Figure 1. Quantiles on Quantiles Regression CO2-FFC.
Note: The z-axis indicates the coefficient values, the x-axis indicates FFC, and the y-axis represents CO2

Source: Authors own estimation on data obtained from given sources.
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provide energy but also contribute to the present global warming catastrophe.
Whenever fossil fuels are burnt, they release significant amounts of carbon dioxide into
the atmosphere. Since the CO2 emissions trap heat in the atmosphere, they contribute
to climate change. The combustion of fossil fuels, notably in the transport and energy
sectors, is the leading source of carbon dioxide emissions in China. On the other hand,
the fossil fuel consumption reported weaker coefficient values between quantile 0.6 to
0.9. This demonstrates that with the higher quantiles the magnitude of the influence is
found negative. Still, the positive impact of FFC is stronger in case of China.

Concerning the association between economic growth and CO2 emissions, the rela-
tionship is found both positive and negative across the quantiles as shown in Figure
2. Specifically, in the first five quantiles (Q0 – Q0.5), the GDP enhances CO2 emis-
sions where the coefficient values range from 0 to 30. The highest magnitude of the
coefficient value is reported in Q0.1 and Q0.2 of GDP and Q0.8 – Q1 of CO2 emis-
sions. the positive association of GDP to that of CO2 emissions is consistent to the
earlier studies of Ahmed et al. (2022) in case of 22 OECD economies, Zafar et al.
(2021) in 22 to remittances receiving economies, Tang et al. (2016) in case of
Vietnam, and Ozturk and Acaravci (2010) in Turkey. The extent of economic growth
and development in any given nation is determined by a variety of variables.
Different economic methods have been used to promote a rapid growth rate, with
development dependent on the features of each specific nation and the prospective
natural resources that are accessible. Growth has the potential to have detrimental
effects on the environment in a variety of ways, including environmental conditions
(pollution), which is now the most highlighted subject in the world. As the economy
expands, more CO2 is generated, maybe as a result of an increase in industrial opera-
tions that do not apply ecologically friendly procedures that should improve environ-
mental quality rather than degrade it. In the initial stages of economic development,
economies are more concerned to the growth and expansion of industrial sector to
achieve higher economic growth. In this regard, economies are more diverted towards
the use of non-renewable energy consumption. Therefore, the large part of their

Figure 2. Quantiles on Quantiles Regression CO2-GDP.
Note: The z-axis indicates the coefficient values, the x-axis indicates CO2, and the y-axis represents GDP.
Source: Authors own estimation on data obtained from given sources.
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investment and income are linked to the energy demand fulfillment. Similar is the case
of China, where the policies are more growth oriented in the initial stage of develop-
ment. Therefore, it is noted that the earlier stage of development leads to higher emis-
sions of the CO2, which encourages climate change and environmental degradation. On
the other hand, the upper quantiles showed the genitive values of coefficients on the
CO2 emissions in China. Specifically, from Q0.6 to Q1, the coefficient value is found
negative (around �10), indicating that enhancement in the economic growth is
adversely affecting CO2 emissions and promote environmental sustainability. This dem-
onstrates the existence of EKC paradox in China across the quantiles. That is, the lower
quantiles report positive influence of economic growth on the CO2 emissions while the
upper quantiles negatively and significantly affect CO2 emissions in case of China. Such
findings are consistent to the studies of Soytas et al. (2007) validates EKC hypothesis in
Turkey, Pao and Tsai (2010) in BRIC economies, Acaravci and Ozturk (2010) in
European economies, Wen et al. (2021) in South Asian countries, and Salari et al.
(2021) in case of the US. Since these studies validates the EKC paradox in both devel-
oped and developing economies, whereas China is an emerging economy and rapidly
expanding its economic growth at the cost of environment in the initial stages.
However, after a threshold level of economic growth, China shifts to the adoption and
promotion of environmentally friendly energy resources, which lowers CO2 emissions
in the country and promote environmental sustainability.

Since the earlier graphs revealed that both the energy consumption positively
affects CO2 emissions, while the economic growth exhibits inverted U-shaped influ-
ence on the CO2 emissions in China. Since both these variables are in association to
the CO2 emissions, whereas the literature refers that the association between eco-
nomic growth and energy consumption also exists, therefore, this study also
employed the QQ regression on the GDP and FFC nexus and the findings are
reported in Figure 3. The empirical results asserted that from lower to higher-middle
quantiles, the influence of economic growth on consumption of fossil fuel is positive.
Where the highest values are observed in the lower Q0 – Q0.4 of economic growth

Figure 3. Quantiles on Quantiles Regression GDP-FFC.
Note: The z-axis indicates the coefficient values, the x-axis indicates FFC, and the y-axis represents GDP.
Source: Authors own estimation on data obtained from given sources.
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and higher quantiles of FFC, i.e., Q0.7 – Q1. The coefficient value is noticed positive
range from 200 to 400. Whereas, the middle quantiles also indicate positive associ-
ation of economic growth and consumption of fossil fuel, where the values range
from 0 to 150 in Q0.5 – Q0.7 of economic growth and Q0 – Q0.6 of FFC. The positive
nexus of economic growth and FFC is consistent to the existing study of Li et al.
(2020) in G-20 economies and Tang et al. (2016) in Vietnam. Besides, these findings
are also in line to the earlier studies of Ang (2007) in France, Ang (2008) in
Malaysia, and Belke et al. (2011) in 25 OECD economies. Since the earlier stage of
development is an important indicator of the future development for a country,
therefore economies are more diverted to the use of fossil fuel energy in order to run
the industrial sector as well as fulfill the energy demand of residential and domestic
sectors via enhancing the fossil fuel energy consumption. To be more specific, energy
is a significant driver of economic development since it is used as a primary input in
a wide range of consumption and manufacturing activities. Energy is among the most
significant inputs in the process of developing an economy. When looked at from a
purely physical standpoint, the utilization of energy is what drives industrial expan-
sion and economic productivity, and it is essential to the functioning of any contem-
porary economy. The literature also argued that energy is responsible for nearly half
of industrialization in a contemporary economy while accounting for less than one-
tenth of the total manufacturing cost in the same country. However, after increase in
income level up to the threshold level, the demand for fossil fuels starts declining,
where economy diverted to environmental quality improvement. In this regard, econ-
omy like China uses environmentally friendly energy resources and reduces the use
of non-renewables. Besides, there are many factors that contributes to the declination
of fossil fuel energy. Specifically, higher level of economic growth helps in the
enhancement of technological innovation, research and development culture, renew-
ables production and adaptation, energy efficient products and services, financial
inclusion (Qin et al., 2021a), environmental related technological innovation (Shahzad
et al., 2021), which then help minimize fossil fuel consumption in China. As the
graphical representation shows that at the higher quantiles (Q0.7 – Q1) of economic
growth, the coefficient value is noted as negative and approximately equals 100.
Therefore, it must be noted that China has already started initiatives of reducing fos-
sil fuel energy consumption which helps structural transformation of the industrial
sector to achieve low carbon economy and environmental sustainability.

Since the QQ regression lacks the property of indicating any causal nexus between
the variables, therefore this study employed the Granger (1969) causality test to

Table 3. Granger-Causality Test.
Null Hypothesis: F-Statistic Prob.

FFC - CO2 4.6992��� 0.000
CO2 - FFC 5.7564��� 0.000
GDP - CO2 2.9577�� 0.032
CO2 - GDP 4.9634��� 0.000
GDP - FFC 5.0815��� 0.000
FFC - GDP 4.2402��� 0.000

Note: Significance level is denoted by ��� for 1%, �� for 5% and � for 10%.
Source: Authors own estimation on data obtained from given sources.
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analyze the causal connection between the variables under consideration. The esti-
mated results of the said test are reported in Table 3. The examined results revealed
that there is a bidirectional causal association exist between FFC and CO2, GDP and
CO2,. This demonstrates that although the fossil fuel consumption and economic
growth are the causes of increased emissions in China. These findings are consistent
to the study of Pao and Tsai (2010), Li et al. (2020), Zhao et al. (2021), Zhang and
Zhang (2021). These studies also provide evidence of the bidirectional causal associ-
ation between economic growth and emissions, energy consumption and emissions in
various countries and regions during different time periods. Besides, the feedback
effect is found between GDP and FFC, which replicate that enhancement in the fossil
fuel consumption enhances economic growth and enhancement in the economic
growth causes increase in the fossil fuel consumption, whereas both these variables
are the strong factors of CO2 emissions in China. Hence, in order to attain low car-
bon economy in China, economic growth and fossil fuel consumption could be used
as strong policy measures.

5. Conclusion and policy implications

5.1. Conclusion

This study examined the association of economic growth, fossil fuel consumption,
and economic growth in China. Also, the relationship of economic growth and fossil
fuel energy consumption is also investigated. Using the extended available dataset
from 1969 to 2018, the data is obtained from the World Development Indicators of
the World Bank (2022). Since all the existing studies have provided extensive litera-
ture regarding the nexus of the said variables, yet this study adopted a novel
approach for reinvestigating the said nexus in case of China. Specifically, we
employed the novel quantile-on-quantile regression approach that deals the non-nor-
mality property of the data under consideration and provides visual estimates across
the quantiles of dependent as well as explanatory variables. The empirical results
reveals that there is a positive association of CO2 emissions and consumption of fossil
fuel in the country. Also, enhancement in the economic growth causes a significant
increase in the CO2 emissions in the lower and middle quantiles whereas negative
affect in the higher quantiles. In addition, the economic growth also influences fossil
fuel energy consumption in the lower and middle quantiles whereas negatively affects
fossil fuel consumption in the upper quantiles. These associations depict that
enhancement in the economic growth substantially increases fossil fuel consumption
in the earlier stages, which can contribute to CO2 emissions in China. Latterly, after
achieving a substantial level of economic growth, China reduces fossil fuel consump-
tion by adopting energy saving technologies and renewable energy resources that
helps industrial structural transformation in China to environmentally friendly energy
resources. Therefore, the CO2 emissions also follows the declining path and the envir-
onmental quality started to improve. Besides, the bidirectional causal nexus between
the variables asserted that economic growth and energy consumption are the primary
causes of environmental degradation in China. This indicates that China is a fossil
fuel energy dependent economy. Therefore, policies are recommended where energy
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consumption and fossil fuel consumption could be used as remedial measures for
environmental recovery.

5.2. Policy implications

Based on the empirical evidence, this study suggests policies that could help emerging
country like China towards environmental recovery and achieving carbon neutral
economy. Firstly, policies are required that consider energy saving methods/products/
services to reduce dependency on fossil fuel consumption. The reduced dependency
on traditional fossil fuels will encourages environmentally friendly energy resources
that speeds up environmental sustainability. Secondly, the empirical findings suggest
that economic growth is more diverted to the adoption of fossil fuel consumption,
which causes environmental quality degradation in China. Therefore, policies in the
shape of enhancing and promoting renewable energy should be adopted that helps
diverting the economic growth towards environmental sustainability. Nonetheless, the
empirical results asserted that with the increase of income, the use of fossil fuel is
also increased. Therefore, the rapid and increased economic growth of China shall be
directed towards the structural transformation of the industrial sector, which is cur-
rently a heavy fossil fuel energy dependent sector and greatly contribute to the pollu-
tion emissions in the country. This transformation will help reduce demand for fossil
fuel consumption, that will consequently lead the country to achieve the low carbon
economy objectives. Moreover, China must stop or minimize subsidizing fossil fuel
consuming and producing sectors. Instead, it is suggested that China should promote
subsidizing energy efficient and environmentally friendly technological innovation
and enhance investment in the renewable energy research and development sector.
Since China is an emerging economy and the cost of such transformation could be
costly, yet the outcome will be beneficial for the long-term economic growth as well
as environmental sustainability.

Notes

1. For details: https://www.indexmundi.com/facts/indicators/EG.USE.COMM.FO.ZS#:�:text=
Energy%20production%20%26%20use-,Fossil%20fuel%20energy%20consumption%20(%25%20of%
20total),petroleum%2C%20and%20natural%20gas-%20products.&text=Development%
20Relevance%3A%20Fossil%20fuels%20are,new%20ones%20are%20being%20made.

2. For details and data, visit: https://databank.worldbank.org/source/world-development-
indicators#
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