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Abstract: This empirical study investigates the dynamic interconnection between fossil fuel con-
sumption, alternative energy consumption, economic growth and carbon emissions in China over the
1981 to 2020 time period within a multivariate framework. The long-term relationships between the
sequences are determined through the application of the Autoregressive Distributed Lag (ARDL)
bounds test and augmented by the Johansen maximum likelihood procedure. The causal relation-
ships between the variables are tested with the Granger causality technique based on the Vector
Error Correction Model (VECM). Empirical results reveal the existence of a statistically significant
negative relationship between alternative energy consumption and carbon emissions in the long-term
equilibrium. Furthermore, the VECM results demonstrate that both carbon emissions and fossil fuel
consumption have unidirectional effects on economic growth. Additionally, the study highlights a
short-term unidirectional causal relationship from economic growth to alternative energy consump-
tion. These findings suggest that a reduction in fossil fuel consumption in the short run may indirectly
impede the development of alternative energy. The study proposes that China should expedite the
development of alternative energy and control the expansion of fossil fuel consumption to attain its
carbon reduction target without hindering economic growth.

Keywords: CO2 emissions; alternative energy; ARDL bounds test; VECM Granger test; China

1. Introduction

Over the past several decades, climate change has become one of the most critical and
urgent issues globally, owing to a marked increase in greenhouse gas (GHG) emissions.
In its Fifth Assessment Report (AR5) published in 2014, the Intergovernmental Panel on
Climate Change (IPCC) concluded that human activities, particularly the combustion of
fossil fuels resulting in carbon dioxide (CO2) emissions, are the primary cause of global
warming [1]. Efforts aimed at mitigating carbon emissions have been underway, with the
Kyoto Protocol signed by over 100 countries in 1997 setting CO2 reduction targets for major
developed countries. The most recent successful conference was the 21st yearly session
of the Conference of the Parties (COP 21) in 2015, which led to the adoption of the Paris
Agreement, a legally binding international treaty on climate change [2].

China’s rapid economic growth has resulted in it surpassing all other countries in terms
of CO2 emissions, with estimates suggesting that it produced approximately 99.74 million
tons of carbon dioxide in 2020, accounting for 31.1% of global emissions [3]. As a respon-
sible developing country, China has been resolute in its commitment to reducing carbon
emissions and has made significant progress in recent years, achieving a 48.4% reduction in
carbon intensity between 2005 and 2020 [4]. In 2014, China pledged to reach carbon peaking
by 2030 as a part of the China–U.S. Joint Statement on Climate Change. Furthermore, at the
COP 21 held in Paris in 2015, China promised to reduce carbon intensity by 60–65% from
2005 levels by 2030 and committed to reducing CO2 emissions by 180 million tons by 2030,
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which was later confirmed at the COP 22 in Morocco [5]. In 2020, the Chinese government
reiterated its commitment to capping CO2 emissions before 2030 and achieving carbon
neutrality by 2060 [6].

To achieve its ambitious mitigation targets, the Chinese government is actively pro-
moting the research, development and application of alternative energy, such as nuclear,
wind, solar, and hydropower. Over the past decade, China has increased its nuclear power
capacity by 29 gigawatt (GW), reaching a total of 46 GW [7]. In addition, China has made
significant strides in the renewable energy sector, with installed capacity of 930 GW, which
accounts for 42.5% of the country’s total installed capacity, and the renewable energy power
generation reaching 2.2 trillion kilowatt-hours (kWh), which accounts for 29.5% of the
country’s total power generation by the end of 2020 [8]. Despite these efforts, China still
faces significant challenges in reducing its reliance on coal as it remains the primary fuel for
power generation. According to the International Energy Agency (IEA), in 2020, China’s
coal consumption accounted for approximately 60% of the country’s total energy consump-
tion, with coal-fired power plants contributing to about 70% of the country’s electricity
generation [9]. Therefore, promoting the development of alternative energy is necessary to
reduce China’s dependence on coal and meet its mitigation goals.

This study aims to evaluate the impacts of fossil fuel consumption, alternative energy
consumption, and economic growth on CO2 emissions in China between 1981 and 2020. As
the world’s second-largest economy, China has been the largest emitter of carbon dioxide
since 2009. Particularly, the Chinese government has announced an official emissions
mitigation plan, meaning that China faces the dual challenge of maintaining economic
growth and reducing carbon emissions. As a result, the results of the research are expected
to provide empirical evidence that will assist policymakers in formulating effective policies
to facilitate economic growth and post-COVID-19 recovery, promote the development of
alternative energy sector, and achieve carbon mitigation targets.

This study contributes to the existing literature in three significant aspects.
Firstly, this paper combines nuclear, hydropower, and renewable energy as alternative

energy and addresses the issue of decarbonization in China by examining the impacts of
alternative energy with fossil fuels and economic growth on CO2 emissions. To the best
of the authors’ knowledge, there is a dearth of research in the literature that specifically
analyzes the impact of alternative energy on carbon emissions in the Chinese context.
Hence, this study intends to fill this research gap.

Secondly, this study investigates the relationship between alternative energy and fossil
fuels. Previous studies have typically examined the two types of energy separately, under
the implicit assumption that their development is independent of each other. However,
this study provides new evidence that fossil fuels, as an engine of economic growth,
indirectly promote the development of alternative energy and help to achieve energy
structure adjustment. Consequently, the two types of energy are not entirely independent
in their development. This new empirical evidence provides original insights into the
existing literature.

Thirdly, this research employs advanced and appropriate econometric techniques,
such as the ARDL bounds test and VECM causal analysis method, to provide policymakers
with essential tools for China’s ambitious mitigation goals. The paper seeks to contribute
to the development of evidence-based policies and support China’s transition to a low-
carbon economy.

The remaining sections of this research are structured as follows: Section 2 provides a
review of the literature; Section 3 presents the detailed description of the research methods
and models; Section 4 interprets and discusses the results; and Section 5 summarizes the
main findings and policy implications.

2. Literature Review

Over the past several decades, there has been a substantial body of literature that
has explored the relationship between energy consumption, economic growth, and envi-
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ronmental degradation using various econometric techniques, yielding different results
across countries. In this regard, [10] focused on 106 countries; [11] focused on 19 European
countries; [12] focused on 34 OECD countries; [13] focused on 23 countries; [2] focused
on 30 countries; [14] focused on BRICS countries; [15] focused on G7 countries; [16] fo-
cused on 6 emerging economies; [17] focused on Algeria; [18] focused on Argentina; [19]
focused on China; [20] focused on China and India; [21] focused on India; [22] focused
on Indonesia; [23] focused on Kuwait; [24] focused on Malaysia; [25] focused on Nige-
ria; [26] focused on Pakistan; [27] focused on Peru; [28] focused on Saudi Arabia; [29]
focused on Tunisia; [30] focused on Turkey; and [31] focused on USA. Most researchers
provide evidence that energy consumption is the primary cause of economic growth and
environmental degradation.

The relationship between energy consumption and carbon dioxide emission has been
widely discussed in the literature. Many studies have concluded that energy consumption
accelerates the emission of carbon dioxide into the atmosphere, and, therefore, energy
consumption is considered a potential factor of environmental pollution. Furthermore, the
existing literature has also established unidirectional and bidirectional causality between
energy consumption and carbon dioxide emission. A study [32] determined that there is a
positive long-term relationship between energy consumption and carbon dioxide emission
in China. Another study [11] found that there is a unidirectional causality between energy
consumption and CO2 emission in 19 European countries. A review of China and India [20]
discussed that the increase in energy consumption leads to an increase in CO2 emission
over the long term. A review of Indonesia [22] argued that there is a bidirectional causality
between energy consumption and carbon dioxide emission. The same result was obtained
in Malaysia [24]. Regarding Saudi Arabia, a study [33] suggested that energy use in
the transportation sector will have a long-term impact on the country’s carbon dioxide
emission. Another study [34] found that there is a bidirectional causality between energy
consumption and carbon dioxide emission in China. It was suggested that an increase
in electrical consumption in Saudi Arabia [28] led to an increase in CO2 emission. A
study in Kuwait [23] discussed that there is a positive long-term relationship between
electrical consumption and carbon dioxide emission. A study in Peru [27] found that the
consumption of oil and natural gas has facilitated the country’s CO2 emission. Based on the
above research, we propose our first hypothesis: H1, fossil fuel consumption has a directly
positive effect on CO2 emissions.

Due to the fact that carbon emissions primarily stem from the combustion of fossil fuels,
there has been a growing interest in alternative energy, such as nuclear, wind, photovoltaic
energy, and hydropower, in recent years, driven by the need to reduce greenhouse gas
emissions. Clearly, alternative energy is cleaner than fossil fuels such as coal, oil, and
natural gas in terms of carbon emissions. As a result, alternative energy has received
widespread attention from researchers in the fields of energy and ecological economics.
Empirical studies have analyzed whether the use of alternative energy can lead to a
reduction in carbon emissions. Long-term negative relationships between France’s nuclear
energy consumption and CO2 emissions have been found [35]. A research on Turkey [36]
concluded that the consumption of renewable energy in the long-term reduces the country’s
carbon dioxide emissions. It was believed that hydroelectric consumption in China and
India contributes to reducing the two countries’ carbon emissions [37]. In research on
Peru, ref. [27] found that the consumption of renewable electricity reduces the country’s
CO2 emissions in the long term. Similar results have been proven in other articles [13,38].
However, there are also many articles suggesting that alternative energy sources have not
yet yielded significant emissions reductions. According to [16,39], the use of alternative
energy is relatively low in terms of quantity compared to fossil fuels and has not crossed
the threshold of reducing carbon emissions. In short, the existing literature typically
examines only one form of alternative energy, which makes it difficult to draw more
comprehensive research outcomes. To overcome this limitation, our study incorporates
nuclear, hydroelectric power, and renewable energy into the analysis, which leads to
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the second hypothesis: H2, alternative energy consumption exhibits a negative effect to
CO2 emissions.

In addition, despite the fact that the high cost of alternative energy has become one
of the primary factors that hinder its promotion, its impact on economic growth remains
a subject of interest among researchers. A study [16] found that there is a positive re-
lationship between the GDP and the consumption of renewable energy in six emerging
economies, as well as a bidirectional causality between the two variables. A review of
30 countries [2] concludes that the consumption of renewable energy can promote eco-
nomic growth. Then, ref. [19] concludes that there is a bi-directional causal relationship
between China’s renewable electricity consumption and economic growth. However, some
studies conclude that the impact of alternative energy consumption on economic growth is
uncertain [17,18,26,40]. The development of alternative energy in low- and middle-income
countries faces challenges, and the transition to alternative energy may obstruct economic
growth [41].

Overall, the existing literature regarding the relationship between alternative energy,
fossil fuels, economic growth, and CO2 emissions presents an inconclusive outlook. The
conflicting results can be attributed to the studies conducted on different types of energy
in different countries and over different periods. Therefore, there is a need for further
research, analysis, and evaluation of the relationship between alternative energy, fossil
fuels, economic growth, and CO2 emissions. This study aims to contribute to the systematic
literature on this topic by utilizing quantitative tools to highlight the relationship between
alternative energy, fossil fuels, economic growth, and CO2 emissions in China.

3. Econometric Methodology

To examine the cointegration and causal relationships between fossil fuel consumption,
alternative energy consumption, economic growth, and carbon emissions, a simplified
model was used as it allows us to measure the direct and indirect relationships between
variables. The paper did not take other determinants into consideration, such as foreign
trade [22,25,42], the proportion of manufacturing in GDP [43,44], urbanization [29,35,37],
population [42–44], and technological change [34], owing to avoiding distorting our main
objective or reducing the degree of freedom in the analysis [45,46]. Furthermore, a sim-
plified model reduces the demand for data, which is especially important in developing
countries where data availability may be limited in comparison to developed countries.
Finally, the study uses time series data for fossil fuel consumption, alternative energy
consumption, economic growth, and carbon emissions, which provides a better framework
for exploring the interaction of variables over time [47].

3.1. Model Specification

In order to analyze the long-term relationship between fossil fuel consumption, alter-
native energy consumption, economic growth, and carbon dioxide emissions, the following
formula is employed in this paper:

co = f (gdp, f ossil, alter) (1)

where “co” represents per capita carbon dioxide emissions (measured in kilograms), “gdp”
represents per capita real Gross Domestic Product (GDP, measured in 2015 US dollars),
“fossil” represents per capita fossil fuel consumption (measured in kilograms of oil equiva-
lent), and “alter” represents per capita alternative energy consumption (including nuclear,
hydropower, and renewable energy, measured in kilograms of oil equivalent).

In line with the methods described in [20,47], the econometric model is adopted in a
multi-variable framework as follows:

cot = α + βgdpt + θ f ossilt + ϕaltert + εt (2)
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In the equation, “α” is the constant term; “β”, “θ”, and “ϕ” are coefficients of the
variables. “ε” is the residual term, a white noise term that follows a normal 0–1 distribution.
“t” represents time period.

All variables are transformed into their natural logarithmic form to mitigate the issue
of heteroscedasticity. The growth rates of the corresponding variables are then obtained
through the log-differencing method. The coefficients estimated in this approach represent
elasticities and are both valid and consistent [48]. The specific form of the equation is
provided below:

LNcot = α + βLNgdpt + θLN f ossilt + ϕLNaltert + εt (3)

where “LN” refers to the natural logarithm form.
Typically, high-speed economic growth and high levels of fossil fuel consumption

are considered to be factors that drive CO2 emissions. Hence, it is reasonable to assume
that β > 0 and θ > 0 in the equation. On the contrary, alternative energy, including nuclear,
hydropower, and renewable energy, produce almost no CO2 emissions. With the large-scale
replacement of fossil fuels by alternative energy, CO2 emissions are expected to decline,
making ϕ < 0 appropriate.

The long-term interconnection and causal relationships between carbon dioxide emis-
sions, economic growth, fossil fuel consumption, and alternative energy consumption are
analyzed through two steps. First, the long-term relationships between the variables are
examined using the ARDL bounds cointegration method. Second, the causal relationships
are investigated by employment of the Granger causality test based on VECM.

3.2. ARDL Cointegration Analysis

When time series are in the form of non-stationary, the issue of spurious regression may
arise [49]. One solution is to make the sequence stationary through differencing; however,
this impedes long-term analysis [50]. To avoid this problem, cointegration techniques can
be employed to examine the existence of long-term equilibrium relationships between time
series variables. If the linear combination of multiple non-stationary variables is stationary,
then a cointegration relationship between the series exists [51]. Hence, this paper utilizes
the ARDL bounds cointegration method introduced in [52–54]. In comparison to residual-
based Engle–Granger method [50], maximum likelihood-based Johansen method [55], and
fully modified ordinary least squares based P-H method [56], the ARDL bounds test based
on the general-to-specific modeling technique possesses advantages such as (1) convenient
analysis with small sample sizes; (2) flexible requirement for variable stationarity, compati-
ble with variables of I(0), I(1), or a mixture of I(0)/I(1); (3) effective resolution of potential
endogeneity issues of the variables, providing unbiased long-term estimates and valid
t-statistics; (4) allowing for different variables to have different optimal lag orders; (5) com-
bining short-term adjustments with long-term equilibrium and allowing for simultaneous
estimation of short- and long-term relationships between variables [34,47,52–54].

However, the ARDL bounds cointegration method cannot handle cases where the
order of integration is greater than 1, such as I(2) variables. In such case, the critical values
provided by Pesaran et al. [54] and Narayan [57] will be invalid. To ensure that the basic
assumptions of the ARDL method are met, the present study uses the Augmented Dickey–
Fuller (ADF) test [58] and the Phillips–Perron (PP) test [59] to conduct stationarity tests on
the variables. By determining the order of integration of the variables, we can ensure that
the ARDL method is applied appropriately.

To apply the bounds testing procedure, a log-linear ARDL long-run relationship model,
which includes per capita carbon dioxide emissions, per capita GDP, per capita fossil fuel
consumption, and per capita alternative energy consumption, is employed in the form of
an unconditional error correction model as follows:
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∆LNcot = α1 +
p1
∑

i=1
φ1i∆LNcot−i +

q1
∑

j=0
β1j∆LNgdpt−j +

r1
∑

k=0
θ1k∆LN f ossilt−k +

s1
∑

l=0
ϕ1l∆LNaltert−l

+δ11LNcot−1 + δ12LNgdpt−1 + δ13LN f ossilt−1 + δ14LNaltert−1 + ε1t

(4)

∆LNgdpt = α2 +
p2
∑

i=1
φ2i∆LNgdpt−i +

q2
∑

j=0
β2j∆LNcot−j +

r2
∑

k=0
θ2k∆LN f ossilt−k +

s2
∑

l=0
ϕ2l∆LNaltert−l

+δ21LNcot−1 + δ22LNgdpt−1 + δ23LN f ossilt−1 + δ24LNaltert−1 + ε2t

(5)

∆LN f ossilt = α3 +
p3
∑

i=1
φ3i∆LN f ossilt−i +

q3
∑

j=0
β3j∆LNcot−j +

r3
∑

k=0
θ3k∆LNgdpt−k +

s3
∑

l=0
ϕ3l∆LNaltert−l

+δ31LNcot−1 + δ32LNgdpt−1 + δ33LN f ossilt−1 + δ34LNaltert−1 + ε3t

(6)

∆LNaltert = α4 +
p4
∑

i=1
φ4i∆LNaltert−i +

q4
∑

j=0
β4j∆LNcot−j +

r4
∑

k=0
θ4k∆LNgdpt−k +

s4
∑

l=0
ϕ4l∆LN f ossilt−l

+δ41LNcot−1 + δ42LNgdpt−1 + δ43LN f ossilt−1 + δ44LNaltert−1 + ε4t

(7)

In the model, “∆” represents the first difference operator, and “ε” represents the
residual term. Appropriate lag length (p, q, r, s) was determined based on the Schwarz
Bayesian Criterion (SBC) criterion, which aims to choose the shortest lag length that
minimizes the loss of degrees of freedom [47].

The ARDL bounds test evaluates the joint significance of the coefficients of the lagged
variables through an F-test. This test serves to validate the null hypothesis H0: δr = 0, and
if the null hypothesis is not supported, the alternative hypothesis H1: δr 6= 0, r = 1, 2, 3, 4.
Pesaran et al. [54] provided two sets of critical values which are utilized to examine
the result of cointegration. If the calculated F statistic exceeds the upper critical bound
(UCB), the null hypothesis of no cointegration will be rejected, indicating the presence of
cointegrating relationship between variables. Conversely, if the calculated F statistic is
less than the lower critical bound (LCB), the null hypothesis of no cointegration will be
accepted. Finally, if the F statistic falls in between the UCB and LCB, it is not possible to
make conclusive inferences without knowledge of the integration order of the regressors.
Subsequently, Narayan et al. [57] re-calibrated the two sets of critical values based on
Pesaran’s [54] method for limited data size (30–80 observations). Given the limited annual
data in this study on per capita carbon dioxide emissions, per capita GDP, per capita fossil
fuel consumption, and per capita alternative energy consumption, Narayan et al.’s [57]
critical values, which are suitable for small sample sizes, will be used for F testing rather
than Pesaran et al.’s [54] critical values.

3.3. Estimation of ARDL Model

If there exists a long-term relationship (i.e., cointegration) between variables, the
non-differenced variables in the ARDL equation can be retained. Then, the long-term and
short-term models can be estimated. The equation for the long-term relationship between
variables is depicted as follows:

LNcot = α5 +
p1

∑
i=1

φ5iLNcot−i +
q1

∑
j=0

β5jLNgdpt−j +
r1

∑
k=0

θ5kLN f ossilt−k +
s1

∑
l=0

ϕ5l LNaltert−l + ε5t (8)

LNgdpt = α6 +
p2

∑
i=1

φ6iLNgdpt−i +
q2

∑
j=0

β6jLNcot−j +
r2

∑
k=0

θ6kLN f ossilt−k +
s2

∑
l=0

ϕ6l LNaltert−l + ε6t (9)

LN f ossilt = α7 +
p3

∑
i=1

φ7iLN f ossilt−i +
q3

∑
j=0

β7jLNcot−j +
r3

∑
k=0

θ7kLNgdpt−k +
s3

∑
l=0

ϕ7l LNaltert−l + ε7t (10)
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LNaltert = α8 +
p4

∑
i=1

φ8iLNaltert−i +
q4

∑
j=0

β8jLNcot−j +
r4

∑
k=0

θ8kLNgdpt−k +
s4

∑
l=0

ϕ8l LN f ossilt−l + ε8t (11)

where the coefficients of the level variables represent the long-term relationship, and the
t-test determines the significance of the coefficients.

The short-term relationship equation adopts the form of the Error Correction Model,
which represents the process of recovery to the equilibrium state after a short-term deviation
from the equilibrium. The specific form is as follows:

∆LNcot = α9 +
p1
∑

i=1
φ9i∆LNcot−i +

q1
∑

j=0
β9j∆LNgdpt−j +

r1
∑

k=0
θ9k∆LN f ossilt−k +

s1
∑

l=0
ϕ9l∆LNaltert−l

+λ1ECT1t−1 + ε9t

(12)

∆LNgdpt = α10 +
p2
∑

i=1
φ10i∆LNgdpt−i +

q2
∑

j=0
β10j∆LNcot−j +

r2
∑

k=0
θ10k∆LN f ossilt−k +

s2
∑

l=0
ϕ10l∆LNaltert−l

+λ2ECT2t−1 + ε10t

(13)

∆LN f ossilt = α11 +
p3
∑

i=1
φ11i∆LN f ossilt−i +

q3
∑

j=0
β11j∆LNcot−j +

r3
∑

k=0
θ11k∆LNgdpt−k +

s3
∑

l=0
ϕ11l∆LNaltert−l

+λ3ECT3t−1 + ε11t

(14)

∆LNaltert = α12 +
p4
∑

i=1
φ12i∆LNaltert−i +

q4
∑

j=0
β12j∆LNcot−j +

r4
∑

k=0
θ12k∆LNgdpt−k +

s4
∑

l=0
ϕ12l∆LN f ossilt−l

+λ4ECT4t−1 + ε12t

(15)

In the equation, the significance of the coefficients of the lagged variables of the first
difference represents the short-term relationship. The error correction term (ECT) is defined
as the residual sequence of the long-term relationship equation between the variables.
The coefficient of ECT(t−1), “λ”, represents the rate of adjustment of the variable from the
short-term to the long-term equilibrium state annually, given the condition of statistical
significance and a negative coefficient [33]. To estimate the coefficients of the long-term
and short-term relationships, the ordinary least squares (OLS) method is employed in
this paper.

3.4. Diagnostic Tests for ARDL Model

In order to examine the stability of the ARDL model, this paper performs Normal-
ity test [60], Correlation LM test [61,62], ARCH test [63], and Ramsey RESET test [64]
on the residuals to assess their normality, correlation, heteroskedasticity, and functional
form, respectively. The results of the tests with a probability greater than 5% indicate
that the ARDL model established is stable. Additionally, the stability test proposed by
Brown et al. [65] based on the cumulative sum of recursive residuals (CUSUM) and the
cumulative sum of squares of recursive residuals (CUSUMSQ) is employed to examine the
long-term stability of the parameter estimates. If the statistics of CUSUM and CUSUMSQ
are within the significance boundary of 5%, it implies that all the parameters estimated
from the regression are stable, and the null hypothesis of stability cannot be rejected [53].

3.5. Johansen Maximum Likelihood Cointegration Procedure

The Johansen maximum likelihood procedure is a multivariate cointegration method
based on the Vector Autoregression (VAR) model [66]. This paper employs the Johansen
maximum likelihood method to enhance the empirical results of the ARDL bounds test.

The Johansen cointegration method requires the sequences to have the same order of
integration. Then, based on the likelihood ratio (LR), Final Prediction Error (FPE), Akaike
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Information Criterion (AIC), Schwarz Bayesian Information Criterion (SBC), and Hannan-
Quinn Information Criterion (HQIC), the optimal lag length of the multivariate VAR model
is determined.

The Johansen cointegration approach utilizes the trace test and maximum eigenvalue
test to determine the number of cointegrating relationships. If the statistical value exceeds
the critical value of 5%, the cointegration rank is rejected. If the statistical value is below
the critical value of 5%, the cointegration rank cannot be rejected, meaning that there is at
least that number of cointegrating equations.

3.6. VECM Granger Causality Approach

The ARDL cointegration test is a statistical method employed to determine the pres-
ence or absence of long-term relationships between indicators such as per capita carbon
dioxide emissions, per capita GDP, per capita consumption of fossil fuels, and per capita
consumption of alternative energy. However, it should be noted that this test cannot ex-
amine the direction of causality between these variables. According to [67], if time series
X enhances the accuracy of the prediction of time series Y by utilizing historical values
of both X and Y, then X can be considered as the Granger cause of Y. In other words, the
Granger causality test is a technique used to evaluate the predictive capacity of lagged
values (past information) of a variable on the explained variable. Engel and Granger [50]
argued that if there exists cointegration between two I(1) sequences, it implies the presence
of directional causality between them. Therefore, this article explores the direction of
causality by constructing a VECM for variables with established cointegration relationships.
This approach is considered a more advanced alternative to traditional Granger causality
testing methods as it incorporates the utilization of lagged error correction terms obtained
from the cointegration equation. The VECM formulation is employed as follows:

∆LNcot
∆LNgdpt
∆LN f ossilt
∆LNaltert

 =


c1
c2
c3
c4

+
p−1

∑
i=1




d11i d12i d13i d14i
d21i d22i d23i d24i
d31i d32i d33i d34i
d41i d42i d43i d44i




∆LNcot−i
∆LNgdpt−i
∆LN f ossilt−i
∆LNaltert−i


+


µ1
µ2
µ3
µ4

[ECTt−1] +


γ1t
γ2t
γ3t
γ4t

 (16)

where ECT refers to the sequence of residuals from the long-term relationship equation
between the variables. The residual, represented as “γ”, is assumed to follow a normal
distribution with zero mean and constant variance.

The causal connections between the variables can be interpreted using the VECM
framework from two distinct angles [14].

(1) The significance of the t-statistic for the coefficient µ of the error correction term
ECT(t−1) provides evidence of the long-term causal relationship between variables.

(2) The significance of the F-test of the first-difference coefficients d of the variables, which
indicates the direction of short-term causal relationships.

3.7. Diagnostic Tests for Causality Approach

Similarly, this paper employs Normality test, Correlation LM test, ARCH test, and
Ramsey RESET test to test the normality of residuals, correlation, heteroscedasticity, and
functional form of VECM. Furthermore, CUSUM and CUSUMSQ based on recursive
regression residuals are used to examine the long-term stability of the parameter estimates.

4. Empirical Analysis and Results Discussion
4.1. Data

This study utilizes annual data from the period 1981 to 2020 in China. The time series
data for population and real GDP were obtained from the World Development Indicators
(WDI) online database (https://databank.worldbank.org/source/world-development-
indicators, accessed on 30 May 2022), and data for carbon dioxide emissions, oil, natural
gas, coal, nuclear, hydropower, and renewable energy consumption were sourced from the
British Petroleum Statistical Review (https://www.bp.com/en/global/corporate/energy-

https://databank.worldbank.org/source/world-development-indicators
https://databank.worldbank.org/source/world-development-indicators
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html
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economics/statistical-review-of-world-energy.html, accessed on 3 June 2022). Figure 1
depicts the consumption of the six forms of energy in China from 1981 to 2020, indicating a
substantial growth for all types of energy. Particularly, nuclear, hydropower, and renewable
energy have experienced remarkable expansion during the past 10 years, with their usage
share continuously increasing. This research combines nuclear, hydro, and renewable
energy as alternative energy, while coal, oil, and natural gas are collected as fossil fuels.
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To accurately reflect the actual situation in China, the variables were processed into
per capita values. Table 1 gives the statistical summary of the data utilized in the analysis.
In addition, Figures 2 and 3 exhibit the trends of per capita values of the variables over
years. Figure 2 illustrates that fossil fuel consumption, after a significant increase in
2002, gradually stabilized over time, whereas alternative energy consumption has shown
exponential growth in recent years. Meanwhile, Figure 3 portrays the changing trend in
CO2 emissions, which resembles the curve of fossil fuel consumption, while GDP continues
to grow rapidly.

Table 1. Descriptive statistics of variables.

Carbon Dioxide Emissions (kg
per Capita)

Real GDP (Constant 2015
US Dollars per Capita)

Fossil Fuel Consumption (kg
of Oil Equivalent per Capita)

Alternative Energy
Consumption (kg of Oil
Equivalent per Capita)

Mean 3910.72 3587.76 1110.85 103.57
Median 2715.91 2276.73 771.84 50.74

Maximum 7016.18 10,370.36 2076.60 385.72
Minimum 1457.45 447.12 398.74 15.74
Std. Dev. 2072.69 3124.23 603.81 105.83
Skewness 0.39 0.86 0.42 1.31
Kurtosis 1.44 2.38 1.51 3.52

Notes: Std. Dev. stands for standard deviation. Data period is 1981–2020 for China. Data used in this paper are
obtained from World Development Indicators and the British Petroleum Statistic Review.

https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html
https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html
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4.2. Unit Root Analysis

The findings of the unit root test presented in Table 2 demonstrate that the variables
selected are not stationary at their levels, and the null hypothesis of non-stationarity cannot
be rejected. Additionally, the assessment of stationarity in the first difference, as indicated
by the ADF and PP tests, shows that all the sequences are stationary in the first difference,
and the null hypothesis of non-stationarity is rejected at the significance levels of 10%,
5%, and 1%. As all variables exhibit first-order integration, the use of ARDL bounds
cointegration technique is considered appropriate.

Table 2. Results of unit root tests.

Variables

Augmented Dickey-Fuller Tests
Statistic

Phillips Pearson
Tests Statistics Order of Integration

Level First Difference Level First Difference

LNco −2.4865 −1.6862 * −1.5996 −1.7474 * I(1)
LNgdp −0.6396 −3.6568 ** −0.9578 −2.4374 * I(1)

LNfossil −2.4899 −1.5867 * −1.6401 −1.6251 * I(1)
LNalter −1.3830 −6.6471 *** −1.1307 −7.7681 *** I(1)

Notes: The null hypothesis is the presence of unit root, indicating non-stationary series. *, ** and *** denote
rejection of null hypothesis at 10%, 5% and 1% level, respectively.

4.3. ARDL Bounds Testing Results

After determining the order of integration of the variables, the ARDL bounds test
is applied to assess the existence of long-term relationships between them. Given the
sensitivity of the F test in ARDL to the lag length, the selection of the number of lags for
each variable is critical. In this article, the appropriate lags were identified based on SBC,
which, compared to AIC, selects the shortest lag length that minimizes the loss of degrees
of freedom [47].

The results presented in Table 3 show that the F-statistics of each equation surpass the
critical value upper limit, meaning that the null hypothesis of no cointegrating relationship
is rejected at both 1% and 5% levels. Therefore, the bounds cointegration test provides
evidence for the existence of a long-term relationship between per capita carbon dioxide
emissions and per capita GDP, per capita fossil fuel consumption, and per capita alternative
energy consumption.

Table 3. Results of ARDL bounds tests.

Estimated Model
Bounds Testing to Cointegration

Remarks
Optimal Lag Length F-Statistics

F[LNco/LNgdp,LNfossil,LNalter] 1,0,1,2 7.10 *** Cointegration
F[LNgdp/LNco,LNfossil,LNalter] 3,0,0,0 7.48 *** Cointegration
F[LNfossil/LNco,LNgdp,LNalter] 1,1,0,2 7.91 *** Cointegration
F[LNalter/LNco,LNgdp,LNfossil] 1,0,0,2 4.60 ** Cointegration

Level of significance Lower bound I(0) Upper bound I(1)
1% Level 4.31 5.54
5% Level 3.10 4.09

10% Level 2.59 3.45

Notes: The critical values for the lower I(0) and upper I(1) bounds are taken from Narayan (2005, Appendix: Case
II). The null hypothesis of the test is that there is no cointegration. ** and *** denote rejection of null hypothesis at
5% and 1% level, respectively.

4.4. The Long Run and Short Run Dynamics

Subsequently, after the existence of long-term relationships was confirmed, this study
utilized the OLS method to estimate the long-term and short-term coefficients of the ARDL
model, which are presented in Table 4.
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Table 4. Estimated coefficients from ARDL (1,0,1,2) model.

Regressors Coefficient t-Statistic

Long-run elasticities: dependent variable is LNco
LNgdp −0.0009 −0.04

LNfossil 1.0588 13.44 ***
LNalter −0.0523 −2.72 ***

Intercept 1.0588 9.31 ***
Short-run elasticities: dependent variable is ∆LNco

∆LNgdp 0.0321 0.99
∆LNfossil 1.0585 14.70 ***
∆LNalter 0.0093 1.02
ECT(−1) −0.2871 −6.34 ***
Intercept 0.3040 4.19 ***

Diagnostic test statistics Test statistics Prob. Values
Normality 1.0648 0.59

LM 0.8159 0.45
ARCH 1.6458 0.21

Ramsey RESET 0.6331 0.43
Notes: The null hypothesis of Normality test is that residuals are normally distributed. LM and ARCH are
the statistics for the null hypotheses that are residuals and have no serial correlation and heteroskedasticity,
respectively. The null hypothesis of Ramsey RESET test is that there is no omitted variable in the model, indicating
no functional form misspecification. *** denotes rejection of null hypothesis at 1% level.

The long-term elasticity estimate β of per capita GDP is slightly less than zero but
not statistically significant. The long-term estimated coefficient of per capita fossil fuel
consumption indicates a highly significant impact on CO2 emissions in the long run. Specif-
ically, an increase of 1% in fossil fuel consumption results in an increase of 1.0588% in CO2
emissions in the environment. This finding confirms the hypothesis H1, and it is consistent
with previous studies [17,18,23,28,30]. The significant role of fossil fuels in promoting large
CO2 emissions calls for policymakers to provide incentives for energy conservation and the
use of environmentally friendly energy. The result of the coefficient of per capita alternative
energy consumption is negative and statistically significant, meaning a 1% increase in
alternative energy consumption would reduce CO2 emissions by 0.0523%. This finding,
supporting the hypothesis H2 and similar to previous studies [13,31,35–38], demonstrates
that the scale of alternative energy in China has already been able to significantly reduce
CO2 emissions in the environment, which suggests the important role of substituting fossil
fuels with environmentally friendly energy to reduce emissions.

The results of the short-term coefficient estimates presented in Table 4 show a positive
but not statistically significant short-term elasticity of per capita GDP. The positive impact
of per capita fossil fuel consumption on CO2 emissions remains significant and substantial
in the short term. The short-term coefficient of per capita alternative energy consumption
is slightly greater than zero and not statistically significant, which differs from its long-
term performance. This may be due to the fact that the rapid development of alternative
energy in China, such as nuclear power plants, dams, wind farms, and other infrastructure
construction, has a significant promotion impact on CO2 emissions in the short term [39].
In other words, energy replacement is a long-term process, which is why alternative energy
consumption has not achieved emissions reduction in the short term.

The computed coefficient for ECT is statistically significant at a 1% level and exhibits a
negative value. This implies that the imbalanced per capita CO2 emissions resulting from
the previous year’s shock was partially alleviated to the extent of 28.71% in the current year,
bringing it closer to the long-term equilibrium state. To put it in perspective, it is estimated
that full restoration of the long-term equilibrium would occur after approximately three
and a half years.

In addition, this paper runs diagnostic procedures for the ARDL model, including
Normality, Correlation LM, ARCH, and Ramsey RESET tests for the normality, correla-
tion, heteroscedasticity, and functional form of the residuals, respectively. The diagnostic
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probabilities in Table 4 are greater than 0.05, indicating that the established ARDL model
is stable.

The stability of the long-term and short-term coefficients is also tested through the
CUSUM and CUSUMSQ of the recursive regression residuals provided by Brown et al. [65].
The CUSUM and CUSUMSQ statistical values depicted in Figures 4 and 5 remain within
the 5% significance bounds, indicating that all parameters derived from the regression are
stable and the null hypothesis of stability cannot be rejected.
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4.5. Johansen Maximum Likelihood Cointegration Tests

The results of the unit root test performed previously demonstrate that the data meets
the requirements for using the Johansen cointegration test. The optimal lag section for the
VAR framework, which considers per capita CO2 emissions, per capita GDP, per capita
fossil fuel consumption, and per capita alternative energy consumption, is presented in
Table 5. The results indicate that the best lag length for the multivariate VAR model is two.

Table 5. Test statistics and choice criteria for selecting the order of the model.

Order LogL LR FPE AIC SC HQ

0 136.826 NA 8.95 × 10−9 −7.180 −7.006 −7.118
1 373.472 409.333 5.96 × 10−14 −19.107 −18.236 −18.800
2 409.560 54.620 * 2.08 × 10−14 * −20.192 * −18.625 * −19.640 *
3 422.141 16.321 2.72 × 10−14 −20.008 −17.744 −19.209

Notes: * indicates lag order selected by the criterion. LogL: Log likelihood, LR: Log likelihood ratio, FPE: Final
prediction error, AIC: Akaike information criterion, SC: Schwarz information criterion, HQ: Hannan-Quinn
information criterion.

The Johansen cointegration test analyzes the trace statistic and maximum eigenvalue
statistic, which are presented in Table 6. The results indicate that at least one cointegration
relationship exists between per capita carbon dioxide emissions, per capita GDP, per
capita fossil fuel consumption, and per capita alternative energy consumption. The null
hypothesis of no cointegrating relationship is rejected at a significance level of 5%. This
implies that the findings of the ARDL bounds test are robust and valid.

Table 6. Results of Johansen cointegration tests.

Rank
Rank Test (Trace) Rank Test (Maximum Eigenvalue)

Trace Statistics Prob. Value Max-Eigen Statistics Prob. Value

r0 = 0 70.5503 0.0009 * 32.8855 0.0132 *
r1 ≤ 1 37.6648 0.0265 * 16.4794 0.2656
r2 ≤ 2 21.1854 0.0372 * 14.0157 0.0963
r3 ≤ 3 7.1697 0.1177 7.1697 0.1177

Notes: The null hypothesis is that there is no cointegrating relationship between variables. * denotes rejection of
the null hypothesis at the 0.05 level.

4.6. VECM Granger Causality Approach

The casual relationships between variables were explored through the use of a vector
error correction-based Granger causality model, including both short-term and long-term
Granger causality. The results of the Granger causality model are summarized in Table 7.

The results presented in Table 7 reveal the existence of a long-term unidirectional
causal relationship from carbon emissions, fossil fuels, and alternative energy to GDP. In
terms of short-term causal relationships, a unidirectional causal relationship from carbon
emissions to GDP was observed. Additionally, evidence suggests that there is also a short-
term unidirectional causal relationship from fossil fuels to GDP. Thus, there is a strong
causal relationship from carbon emissions and fossil fuels to GDP, revealing that China’s
economic growth is still dominated by fossil fuels that pollute the environment. China
needs to adopt alternative energy as soon as possible to achieve its emission reduction
target. Furthermore, a short-term unidirectional causal relationship from GDP to alternative
energy was found, indicating that economic growth is beneficial for the advancement of
alternative energy.

Additionally, the normality, autocorrelation, and heteroscedasticity of the residuals
of the VECM model were diagnosed in this study. The diagnostic probabilities presented
in the bottom of Table 7 are greater than 5%, indicating that the established VECM model
is stable.
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Table 7. Results of VECM Granger causality analysis.

Variables
Short-Run Causalities Long-Run Causalities

∆LNco ∆LNgdp ∆LNfossil ∆LNalter ECTt−1 (t-Statistic)

∆LNco - 0.1013
(0.7503)

0.0948
(0.7582)

1.0206
(0.3124)

−1.3072
(0.1935)

∆LNgdp 4.3258
(0.0375) ** - 3.7517

(0.0528) *
0.8844

(0.3470)
−2.3764

(0.0189) **

∆LNfossil 1.4013
(0.2365)

0.0651
(0.7985) - 0.3737

(0.5410)
−0.7631
(0.4468)

∆LNalter 0.0753
(0.7837)

3.1049
(0.0781) *

0.0125
(0.9110) - −0.0516

(0.9590)
Diagnostic test statistics

Test statistics Prob. Values
Normality 5.1203 0.2752

LM 1.0024 0.4636
White 118.4688 0.1003

Notes: The null hypothesis is that there is no causal relationship between variables. Values in parentheses are
prob-values for Wald-tests with a χ2 distribution. ∆ is the first difference operator. * and ** denote rejection of null
hypothesis at 10% and 5% level, respectively.

5. Conclusions and Policy Implications

This study aims to evaluate the impacts of fossil fuel consumption, alternative energy
consumption, and economic growth on CO2 emissions in China between 1981 and 2020
within a multi-variable framework. The ARDL bounds testing approach, supplemented
by the Johansen likelihood procedure, is utilized to explore the long-term cointegration
relationship between endogenous and exogenous variables. Furthermore, the VECM
Granger causality test is employed to analyze the causal connections between variables in
both the long and short run. The results of the unit root test affirm the applicability of using
these models for time series analysis. The stability of the model is established through the
use of diagnostic tests, and the stability of the parameter estimates is confirmed through
the application of CUSUM and CUSUMSQ.

The empirical results of this study highlight the following key discoveries:
Firstly, the findings from ARDL and Johansen cointegration test revealed that the

coefficient of fossil fuel consumption had a positive and significant effect on CO2 emissions
in both the long- and short-run in China. On the other hand, the coefficient of alternative
energy consumption displayed a negative impact on CO2 emissions in the long-run, but
no statistically significant influence in the short-run. These results indicated that the
substitution of fossil fuels with environmentally friendly energy played a crucial role in
achieving carbon reduction targets in the long-term. Furthermore, given the relatively
small value of alternative energy’s coefficient in the cointegration equation, these empirical
findings can be attributed to the limited scale of alternative energy in China. Therefore, to
facilitate the transition towards a low-carbon economy, the expansion of the alternative
energy sector should be prioritized.

Additionally, the findings from VECM Granger causality test demonstrated that
there was a long-term unidirectional causal interaction from CO2 emissions, fossil fuel
consumption, and alternative energy consumption to economic growth in China (co, fos-
sil, alter→gdp). In the short run, unidirectional causal relationships, such as co→gdp,
fossil→gdp and gdp→alter, were observed. Notably, this article found the unidirectional
causal relationship fossil→gdp→alter, which suggested that fossil fuels, as an engine of eco-
nomic growth, had an indirect effect on facilitating the development of alternative energy.
The results indicated that reducing fossil fuel consumption drastically in the short-term
may indirectly slow down the process of energy substitution.

The findings of the study informed us that the substitution of fossil fuels with alterna-
tive energy is a gradual and long-term process. Based on the results, our study has several
important implications for China.
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Firstly, the Chinese government should establish new environmental policies to con-
trol the expansion of fossil fuels. Specifically, enterprises should be targeted, and the
government must enforce measures to enhance energy efficiency. Punitive actions may
be taken against energy-inefficient enterprises to encourage them to improve their energy
usage and gradually reduce their reliance on fossil fuels.

Secondly, the government should concentrate on expanding alternative energy and
formulate proactive policies. For instance, the government can increase financial invest-
ment in alternative energy solutions and provide them to enterprises, thereby gradually
transitioning to alternative energy in the long run. Furthermore, policymakers should
promote the advancement of green technologies and scientific innovation. This could be
achieved by enhancing research funding in educational institutions, especially in green
technologies, to facilitate green innovation. In order to complement these policies, the
government might also improve the educational curriculums for environmental sustain-
ability and environmental issues [68] and increase awareness among enterprises and local
communities about the benefits of alternative energy solutions.

Overall, this paper provides policies to curb fossil fuel growth and expand alternative
energy, including the penalization of energy-inefficient enterprises, the encouragement
of technological innovation, the promotion environmental education, and the adoption
of alternative energy solutions. The research seeks to contribute to the development of
evidence-based policies and support to achieve China’s carbon mitigation targets.

Despite the contribution to the current literature, this study has some limitations. For
instance, this research is only restricted to the context of China. Future studies can be
conducted on the provincial level to investigate energy substitution and carbon reduction
strategies by using more updated data. In addition, alternative cointegration techniques,
such as nonlinear autoregressive distributed lag (NARDL) model, could be employed
in further studies. This method decomposes data into increasing and decreasing parts,
evaluating the asymmetries of the responsiveness of socio-economic variables to their
determinants [69,70], which will yield innovative policy instruments.

Author Contributions: Conceptualization, H.T., H.M. and N.L.; methodology, H.T. and P.W.; soft-
ware, H.T.; formal analysis and data curation, H.T.; writing—original draft, H.T.; writing—review
and editing, H.M., N.L. and P.W.; funding acquisition, H.M. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors gratefully acknowledge the financial support from the National Natural Science
Foundation of China (51976020) and the National Natural Science Foundation of China (71603039).

Data Availability Statement: The data used in the current study are available in the World Develop-
ment Indicators online database, the British Petroleum Statistical Review, and other public resources.

Acknowledgments: We would like to express our gratitude to Yuguang Dai from Dalian Thunder
Software Technology Co., Ltd. for his contributions to the software aspect of the paper. Furthermore,
we would like to thank the editor and anonymous referees for their constructive suggestions and
valuable comments on the earlier draft of this paper, upon which we have improved the content.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Azam, A.; Rafiq, M.; Shafique, M.; Zhang, H.; Yuan, J. Analyzing the effect of natural gas, nuclear energy and renewable energy

on GDP and carbon emissions: A multi-variate panel data analysis. Energy 2021, 219, 119592. [CrossRef]
2. Jin, T.; Kim, J. What is better for mitigating carbon emissions–Renewable energy or nuclear energy? A panel data analysis. Renew.

Sustain. Energy Rev. 2018, 91, 464–471. [CrossRef]
3. Dale, S. BP Statistical Review of World Energy; BP Plc.: London, UK, 2021; pp. 14–16.
4. Liu, Z.; Deng, Z.; He, G.; Wang, H.; Zhang, X.; Lin, J.; Qi, Y.; Liang, X. Challenges and opportunities for carbon neutrality in China.

Nat. Rev. Earth Environ. 2022, 3, 141–155. [CrossRef]
5. Musa, S.D.; Zhonghua, T.; Ibrahim, A.O.; Habib, M. China’s energy status: A critical look at fossils and renewable options. Renew.

Sustain. Energy Rev. 2018, 81, 2281–2290. [CrossRef]

https://doi.org/10.1016/j.energy.2020.119592
https://doi.org/10.1016/j.rser.2018.04.022
https://doi.org/10.1038/s43017-021-00244-x
https://doi.org/10.1016/j.rser.2017.06.036


Energies 2023, 16, 3436 17 of 19

6. Zhang, S.; Chen, W. Assessing the energy transition in China towards carbon neutrality with a probabilistic framework. Nat.
Commun. 2022, 13, 87. [CrossRef]

7. Yu, S.; Yarlagadda, B.; Siegel, J.E.; Zhou, S.; Kim, S. The role of nuclear in China’s energy future: Insights from integrated
assessment. Energy Policy 2020, 139, 111344. [CrossRef]

8. Song, D.; Liu, Y.; Qin, T.; Gu, H.; Cao, Y.; Shi, H. Overview of the policy instruments for renewable energy development in China.
Energies 2022, 15, 6513. [CrossRef]

9. IEA. World Energy Outlook; IEA: Paris, France, 2021.
10. Antonakakis, N.; Chatziantoniou, I.; Filis, G. Energy consumption, CO2 emissions, and economic growth: An ethical dilemma.

Renew. Sustain. Energy Rev. 2017, 68, 808–824. [CrossRef]
11. Acaravci, A.; Ozturk, I. On the relationship between energy consumption, CO2 emissions and economic growth in Europe. Energy

2010, 35, 5412–5420. [CrossRef]
12. Jin, T. The evolutionary renewable energy and mitigation impact in OECD countries. Renew. Energy 2022, 189, 570–586. [CrossRef]
13. Dogan, E.; Seker, F. The influence of real output, renewable and non-renewable energy, trade and financial development on

carbon emissions in the top renewable energy countries. Renew. Sustain. Energy Rev. 2016, 60, 1074–1085. [CrossRef]
14. Sebri, M.; Ben-Salha, O. On the causal dynamics between economic growth, renewable energy consumption, CO2 emissions and

trade openness: Fresh evidence from BRICS countries. Renew. Sustain. Energy Rev. 2014, 39, 14–23. [CrossRef]
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