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Abstract. This research is carried out to explore the relationship between economic growth, fossil energy, carbon emis-
sions, hydropower, industrial development and energy endowment, and the effectiveness of the environmental Kuznets
curve (EKC) hypothesis in China from 1965 to 2016 is tested. To this end, some econometric methods with structural
breaks are employed. The results illustrate that the EKC considering structural breaks is existed in China. Furthermore,
hydropower consumption can significantly reduce carbon dioxide (CO,) emissions, however, the reduction can be masked
by the increase of fossil energy consumption. In addition, industrialization level and economic growth positively and sig-
nificantly affect CO, emissions. Finally, some policies for reducing CO, emissions are put forward.
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Introduction

China is now facing the challenges of fostering economic
growth and dealing with energy and environmental prob-
lems (C. Dong, X. Dong, Jiang, K. Dong, & Liu, 2018).
China has consumed a lot of energy in the past decades.
From 1965 to 2016, the total amount of energy consump-
tion in China showed a rising trend, and began to rise
sharply in 2003. In 1965, China’s energy consumption
was 131.5 million tonnes oil equivalent (Mtoe), of which
fossil fuels make up 96% (Figure 1). In 2016, China’s en-
ergy consumption reached 3047.2 Mtoe, of which fossil
energy consumption accounted for 84%. Although fossil
energy consumption has declined, it is still the main en-
ergy source. Fossil energy is the major source of carbon
emissions, with 489 million tonnes of emissions in 1965
and 9123 million tonnes in 2016, accounting for 27.23% of
the world’s carbon emissions (formerly British Petroleum
[BP], 2018). With the process of industrialization and ur-
banization, the main sources of energy consumption have
gradually shifted to oil and natural gas. Oil consumption
was 11.1 Mtoe, accounting for 13% of total energy con-
sumption in 1965, and it soared to 587.2 Mtoe in 2016.
China’s natural gas consumption amounted to 0.95 Mtoe
in 1965, and increased to 180.1 Mtoe in 2016 (Figure 1).
Inevitably, massive pollutants are caused for the in-
crease of fossil energy consumption. China released

9232.6 million tonnes of CO, with the share 27.6% of
the total in 2017 (BP, 2018). Low-carbon economy is a
means to deal with environmental problems and energy
threats, and provides direction for economic development
(Kousksou et al., 2015). The core of low-carbon economy
is the type of energy applied. Under this circumstance,
the development and utilization of renewable energy has
been gradually popularized. The use of renewable energy
is a viable means of achieving a real green economy with
the advantages of accessibility and sustainability (Gaspa-
ratos, Doll, Esteban, Ahmed, & Olang, 2017). A mix of
renewable and fossil energy can balance economic, social
and environmental development. Consequently, renew-
able energy is applied as a useful substitute to fossil fuels
(Bhattacharya, Churchill, & Paramati, 2017). Hydropower
is the dominated renewable energy. Specifically, the hy-
dropower consumption in China was 5 Mtoe in 1965 and
260.96 Mtoe in 2016, which has grown almost 72 times
(Figure 1). Thence, along with the enormous requirements
of hydropower and the increase of CO,, it is of great sig-
nificance to better understand the nexus between hydro-
power and CO, to make policy for tackling CO,

Given the deteriorating air quality and the increas-
ingly exhausted fossil energy, many researchers have ana-
lyzed the nexus between hydropower energy and CO,.
For instance, Mohamed, Jebli, and Youssef (2019) studied
the nexus between renewable energy, fossil energy and
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terrorism from 1980 to 2015. Renewable energy Granger
caused terrorism, as well as terrorism Granger caused
trade openness. Zhang, B. Wang, and Z. Wang (2017) ap-
plied autoregressive distributed lag model (ARDL), vector
error correction model (VECM) and fully modified ordi-
nary least squares (FMOLS) models to study the relation
between energy and CO, emissions in Pakistan from 1970
to 2012. The research results showed that renewable en-
ergy can effectively reduce carbon emissions. Liu, Zhang,
and Bae (2017) studied the effect of renewable energy and
agricultural added-value on CO, emissions from 1970
to 2013. The results showed that renewable energy was
negatively related to CO,, and non-renewable energy was
positively correlated with CO,. Despite the nexus between
hydropower energy and carbon emissions has been stud-
ied in regional and country level, based on the literature
surveyed, little research has been done on the nexus be-
tween hydropower energy and CO, in China.

The environmental Kuznets curve (EKC) is intended
to analyze the relationship between economy and carbon
emissions. The verification of EKC hypothesis is helpful to
understand the nexus of energy-growth-pollutant. A ma-
jority of studies have been done to examine the EKC and
these researches can be divided into two strands. The first
strand proved that the EKC existed in inverted U-shaped
or N-shaped. For example, Ulucak, and Bilgili (2018); Gill,
Viswanathana, and Hassanb (2018); K. Dong, Sun, and
X. Dong (2018); Danish, Zhang, B. Wang, and Z. Wang
(2017); Bimonte and Stabile (2017) and Balado-Naves,
Bafios-Pino, and Mayor (2018) confirmed that EKC ex-
isted in some areas and presented inverted U-shaped or
N-shaped. Employed different countries, different data
set or different time span, Shabani and Shahnazi (2019);
Kasman and Duman (2015); Bekhet and Othman (2018);
Seker, Ertugrul, and Cetin (2015) and Pata (2018) esti-
mated the occurrence of EKC hypothesis. Another strand
believed that China’s EKC did not exist in some countries;
economic growth and carbon emissions had a linear re-
lationship (Dong, Wang, & Guo, 2016; Ghaftar, Ashraf,
Bashir, & Cui, 2017; Muhammad, Mantu, Syed, & Shaw-
kat, 2019; Ngarambe, Lim, & Kim, 2018). To date, as far
as we know, no empirical studies have investigated the
causal linkages among energy endowment, industrializa-
tion, economic development, CO, emissions, hydropower
consumption and fossil resources consumption in China
by verifying the effectiveness of EKC. What’s more, the
econometric techniques used in former researches often
overlook the existence of structural breaks, and it may
cause unreliable results.

Given the above background, unit root tests, cointe-
gration method and causality test with structural breaks
are applied in this paper in order to analyze the linkages
among energy endowment, economic development, in-
dustrialization, carbon emissions, hydropower consump-
tion and fossil resources consumption in the EKC equa-
tion in China covering the period of 1965 to 2016.

The main contributions of this paper are as follows.
First, the most recent data is applied in this research; this
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Figure 2. Box chart of all variables in this paper

helps to provide new results, thereby allowing policymak-
ers to have a recent causal relation among the variables.
Second, hydropower consumption is considered to be a
driving force to reduce CO, emissions in China, which
can help the Chinas government make specific policies
to tackle CO, emissions, and the blank of common EKC
studies in the context of China is filled. Third, unlike the
prior literatures, which used traditional technique ignor-
ing structural breaks, unit root tests and economic meth-
ods in this paper take structural breaks into account,
which can offer more reliable results.

The sections of this paper are arranged as listed below.
Section 1 describes the data sources, model building and
estimation strategy. Section 2 is the analysis of empirical
results. Section 3 is further discussion about the results.
Last section is conclusion and policy implications.

1. Econometric methodology

1.1. Variables and data sources

The data covers the period from 1965 to 2016 in China.
To eliminate the effect of price factors, per capita GDP is
computed at constant prices (1990 = 100), and all variables
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are processed logarithmically in this paper, so as to get rid
of the effect of heteroscedasticity.

Before performing further analysis, an introduction
of data sources and a description of the variables must
be outlined. Figure 2 provides the distribution overlay of
carbon emissions, energy endowment, economic growth,
industrialization level, hydropower consumption and fos-
sil energy consumption in China.

1.1.1. Energy endowment

According to Rafindadi and Ozturk (2016) and Bian and
Yu (2019), energy endowment (SR) is estimated by the
proportion of energy production to energy consumption.
The data is from China Energy Statistical Yearbook (CESY,
2017). Energy endowment shows a steadily upward trend
from 1965 to 1985, while it begins to decline from 1986.

1.1.2. Industrialization level

Following the approach applied in prior literatures (Hara-
guchi, Martorano, & Sanfilippo, 2019; Li & Lin, 2015), in-
dustrialization level (IS), measured in yuan and normal-
ized to 1990 prices, refers to the value added of secondary
industry in the proportion of GDP. The data is collected
from China Statistical Yearbook (CSY). Industrialization
level displays an upward trend between 1965 to 2016, im-
plying that industrialization level is still in an accelerating
process.

1.1.3. Carbon emissions

Carbon emissions (C) in this paper is measured by per
capita carbon emissions. Notably, it is measured by the
proportion of carbon emissions to total population. The
data of carbon emissions is derived from BP (2018) and
population is collected from CSY (2018). Carbon emis-
sions demonstrate an upward trend over the period of
1965 to 2002, while it roars from 2003 to 2014. It follows
a declining trend from 2015 to 2016.

1.1.4. Economic growth

The GDP and population used in economic growth (Y) are
obtained from CSY (2018). It displays an upward trend.

1.1.5. Hydropower consumption

Hydropower consumption (N) is measured by per capita
hydropower consumption. Hydropower consumption
and population are collected from CESY (2017) and CSY
(2018), respectively. A steady upward trend is displayed
between 1965 and 2003, and a sharp increasing trend fol-
lows from 2004 to 2016.

1.1.6. Fossil energy consumption

Fossil energy consumption (O) is collected from CESY
(2017). Fossil energy consumption increases sharply be-
tween 1965 and 2002; after that, it demonstrates an up-
ward trend from 2003 to 2012. Compared with the for-
mer period, it increases slowly from 2013 to 2016. The

descriptions of variables are presented in Table A3 of Ap-
pendix.

1.2. The model

Economic development affects carbon emissions by scale
effect, structure effect and technology effect. Most stud-
ies of EKC only analyze the nexus between environmen-
tal pollution and economic growth, so the results will be
unreliable for ignoring variables. In this paper, energy
endowment, industrialization, hydropower consumption
and fossil energy consumption are added to study the in-
fluences on environmental degradation.

The equation (1) and (2) showed the log-linear speci-
fication are modeled as following:

N-EKC (hydropower consumption is applied in the
EKC model) model:

InC, =0a, +0,InY, +0;InY? + 0, InSR, +
o IniS, +agInN, +a,D; +ogD, +v,. (1)

O-EKC (fossil energy consumption is used in the EKC
model) model:

InC, =a; + 0, InY, +a;InY? + 0, InSR, +
o5 InIS, + 04 InO; + D, + 04D, +v,, )

where D; and D, are dummy variables, which capture
the structural breaks. v, is error term with normal dis-
tribution. When D, < break date, D, =0. When D, >
break date, D, =1. a, >0 and o5 <0 show that eco-
nomic development has an inverted U-shaped relationship
with CO, emissions; this conforms the existence of EKC.
o, >0 shows that carbon emissions rise with per capita
GDP. a; <0 suggests that as the economy grows, carbon
emissions gradually decrease.

1.3. Estimation strategy

Technically, the estimation strategy can be divided into
four steps. First, based on the EKC hypothesis, two mod-
els of renewable energy and fossil energy are constructed,
respectively. Second, we investigate the stationarity of all
the time series, as well as estimate whether the structural
breaks exist in variables or not. To achieve this, the unit
root tests considering and not considering structural break
are implemented. And then, in the two models, each vari-
able is acted as an independent variable, the existence and
short-term relationship of cointegration between variables
are tested by the ARDL method with structural breaks.
At last, the causal relationship of variables considering
structural breaks is tested and the results are expected to
contribute to the formulation of appropriate policies.

1.3.1. Structural break unit root tests

Unit root tests without structural breaks are utilized to test
all variables. Hence, the Zivot-Andrews and Bai-Perron
methods are applied to estimate the existence of struc-
tural breaks, and locate the breaks endogenously. The
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structural breaks are deeply studied by Bai and Perron,
and the method of “endogenous structural breaks test” is
put forward (Bai & Perron, 2003). This method performs
better in the case of small samples.

Supposing m structural breaks are in a time length
of T.

¥ =xt’[3+zt’8j + 1y
t=T,;+LT;, +2,.,Tj, j=L2,..,m+], (3)

where y, is the interpreted variable, (x,),,; and (z,)

x x1
are the explanatory variables, pand &; ire coeﬂiciegts,
u, is arandom error term, T, T, ..., T,, are break dates,
m is the frequency of breaks, and T is the samples. If
Y=y 250 yr)s X=00%0500x0) U= (U,uy,..tp)'
and 6=(5,%9,..,0",,;), diagonal matrixes are
Z=diag(Z,Zy>...2,,1) and  Z;=(Zp_ 15 Zp)'
Solving out the equation (3) and calculating the sum of
squares of residuals for each possible partition (T, T,,
..., T,,,) is to get the minimum partition:

.,T,,1;,...T, =

arg[minST (I, T,,.... T, )], (4)

seerdyy

Working out the above results, Bai-Perron came up
with some testing methods to estimate the specific break
dates. Sup wald test (Sup-F test) can be expressed by:

Er (oo k) =

1|T—(K+Dg—p |§R'(R\_/(5)R’)*1R5, (5)
k|

where A, =T, /T, (R3)'=(5,'-8,"....0, =81 ). V()
is a robust estimation of variance covariance matrix with
autocorrelation and heteroscedasticity.

1.3.2. ARDL bounds testing approach

ARDL method is more robust for small sample (Pesaran,
Shin, & Smith, 2001). To achieve these objectives with
robust results, we use the ARDL method with structural
breaks.

The ARDL implies a single reduced-form equation.
The ARDL model can be written as:

a b
AInC, =B, + D B;AInC,_; + Y B,AlnY,_; +
i=1 i=0

c d e
2ByAINY2; + > By AInSR, ; + 3 By AlnlS, ; +
i=0 i=0 i=0

f
Y BeAInN,_; +8,InC,_; +8,InY,_; +8,InY2, +
i=0

8;InSR,_; +8,InN,_ | +85InIS,_; +8,D; +6,D, +&;;

(6)

a b
AlnY, =y, +ZX1iAlnCt_i +ZX2iA1nYt_i +
i=0 i=1

c d e
D x5 AInY2; + x;AInSR,_; + Y x5 AlnIS,_; +
i=0 i=0 i=0

f
ZX&-AInNt_i +@yInC,_; +¢;InY, | +¢,InY? +
i=0

@3InSR,_; + ¢, InIS;_ + @5 InN,_; +@¢D; +9;D, +&y;
(7)

a b
AlnN, =1, +leiA1nCH- +Z:1214AlnYH +
i=0 i=0

c d e
D AInY2 + D 1, AInSR,_; + Y 15,AlnS, ; +
i=0 i=0 i=0

/
> 1gAINN, ; +9,InC,_; + 9 InY,_ +9,InY2, +
i=1

931InSR,_; +9,InIS,_; +35InN,_| +8¢D; +98,D, +E&;,;

(8)
a b
AlnIS, =ay+ Y a;AlnC,_; + > a,AlnY,_; +
i=0 i=0

c d e
D ayAnY2, +> a,AlnSR,_ + Y a;AlnlS, ; +
i=0 i=0 i=1

f
D agAInN,_; +byInC,_; +b InY,_| +b,InY2, +
i=0
byInSR,_; +b,InIS, | +b;InN,_; +b;D; +&,,; (9)

a b
AInSR, =¢y + ZCHAInct_i + ZC2-AInYt_i +

i
i=0 i=0

c d e
D ey AlnY2; +> ¢y AInSR,_; + D c5;AlnlS, ; +
i=0

i=1 i=0

f
ZC6iAlnNt_i +dyInC,_; +d,InY,_, +d, lnYtz_1 +
i=0

dyInSR, | +d,InIS, | +dgInN, | +dsD, +&5, (10)

where the meaning of each symbol in the formula is il-
lustrated by the example of formula (3). Constant
are the long-term coefficients.a, b, ¢, d, e, f denote
the optimal lag lengths confirmed by Schwarz-Bayes-
ian criteria (SBC) and Akaike information criteria
(AIC). The null hypothesis is no cointegration, namely,
Hy: By=0,=0,=0;=0,=0; =0, =0,. Nevertheless,
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the alternative hypothesis is that cointegration exists, that
is, Hy :Py #0y #08; #3; #08, # 05 #04 #d,.

After cointegration nexus is determined, the long- and
short-term linkages are to be further analyzed by ARDL
method. The long-run effects among variables can be ex-
pressed as follows:

a b
InC, =ng + 2 MG+ myInY, , +

i=1 i=0
c d e
Zmi Iny2; + ZTMi InSR,_; + ZnSi InIS,_; +
i=0 i=0 i=0
f
2 Mg InN,_; +n,;D; +ng; D, +0,. (11)

i=0
The maximum lags in the equation are determined ac-
cording to the optimal lags of the boundary test, and the
long run relations among the series can be tested by the
following equation:
InC, =0, +a,InC, +a,InY, +
a;InY? +a,InSR, + o5 InlS, +

ogInN, +a,D, +ogD, +o0,, (12)

where the coefficients of the constant term, D, and D, are

a a
&y =Mo /(1_27111')’ o7 =My; /(1_27111')’ and
i=1 i=1

a
oy =Mg; / (1= 2 my), respectively. InY, is
i=1

b a
) :ZnZi /(I_ani) and InSR, is

i=0 i=1

d a
Oy = me /(1_21111')'
i=0 i=1

The error correction model (ECM) is established for
analyzing short-term dynamics of the variables. The ECM
model is as follows:

Jj k
AInC, =k + Y A;AInC,_; + > hyAlnY,_; +
i=1 i=0

m n p
D Ay AInY2; + > A, AInSR,_; + Y A AlnIS,_; +
i=0 i=0 i=0

q

D hgAlnN,_; +CECT, | +1,, (13)

i=0
short-run coefficients, j, k, m, n, p, q aéﬁéfe optimal
lag lengths and ECT, is error correction term. { signi-
fies the velocity of long-term equilibrium modification.

1.3.3. Granger causality

Because the indexes are cointegrated, long-term and
short-term causal relationships are to be explored.
VECM Granger causality is utilized to detect the causal

nexus between variables. The VECM method can be
presented as:

[InC, b,
AlnY, b,
AlnY? | | by .
AlnSR, b,
AlnIS, | |bs
AlnN, _be_
dl,l,n d1,2,n d1,3,n dl,4,n dl,S,n d1,6,n d1,7,n dl,S,n
dZ,l,n d2,2,n d2,3,n d2,4,n d2,5,n d2,6,n d2,7,n d2,8,n
Zn: d3,1,n d3,2,n d3,3,n d3,4,n d3,5,n d3,6,n d3,7,n d3,8,n
m=1 d4,l,n d4,2,n d4,3,n d4,4,n d4,5,n d4,6,n d4,7,n d4,8,n
dS,l,n d52n d5,3,n d54n d5,5n d5,6,n d5,7,n d5,8,n
_dé,l,n d62n d63n d64n d6,5n déén d6,7,n d6,8,n
InC,_, 1 &
AlnY,_, ) &,
AlnYtzfn + (;3 ECTt71+ ‘23 , (14)
AlnSR,_, Cy &4
AlnIS,_, Gs &s
AlnN,_, o &6

where (1-L) represents difference operator, ECT,_; is
lagged residual. T-test is used to estimate the significance

of ECT,_; coeflicient, so as to signify the long run causal-
ity. The short-term causality between variables is tested
by F-statistics.

2. Results and discussion

2.1. Unit root tests considering and not considering
structural breaks

To apply any standard cointegration approach for examin-
ing the long-term nexus of the variables, the prime step
is estimating the unit root properties. To achieve this, the
Augmented Dickey-Fuller (ADF) and Phillips-Perron
(PP) are utilized to explore the stability of these variables.
The Dickey-Fuller Generalized Least Squares (DF-GLS) is
also applied, since it can effectively improve the reliability
of results with small samples. Table 1 presents outcomes
of traditional unit root tests.

The outcomes show that all variables can reject the null
hypothesis when these sequences are in their first differ-
ences, that is, all indexes are not stable.

These findings show that first differences of the in-
dexes in this paper are I (1) at 1% and 5% significance
level, respectively. Therefore, cointegration estimation can
be carried out by the bounds testing approach.

When structural breaks occur in data generating pro-
cess, the test results may be spurious with PP or ADF test,
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Table 1. Traditional unit root tests
At level T-statistic At 1st difference T-statistic
Variable
ADF PP DF-GLS ADF PP DF-GLS
InC, —2.459(4) —-2.166(3) -2.479(4) —3.883(0)** —3.870(3)** —-3.958(0)*
Iny, ~2.348(2) ~3.114(3) ~1.701(1) ~5.267(0)* ~5.147(3)* ~5.217(0)*
lnYt2 —-2.863(1) —2.632(6) —-1.202(1) —4.989(0)* —-4.687(9)* —4.857(0)*
InN, —2.412(0) —2.403(3) —-1.724(0) —8.328(0)* —-8.400(3)* —8.330(0)*
InO, —1.848(0) —2.245(3) —-1.865(0) —4.209(0)* —3.599(14)** —4.296(0)*
InSR, ~1.969(0) ~1.560(11) ~1.431(0) ~8.205(0)* -9.335(11)* ~7.440(0)*
InIS, —-3.170(10) —-1.882(0) -3.170(10) —-5.306(0)* -5.187(6)* —4.854(0)*

Note: *, ** and *** indicate significant at the levels of 1%, 5% and 10%.

which will not reject null hypothesis. Namely, ignoring
structural breaks will result in a decrease in test efficacy.
In order to test whether the structural breaks exist or not,
Zivot-Andrews (Z-A) method is used in this paper. The
outcomes of Zivot-Andrews are in Table 2.

In Table 2, the null hypothesis is accepted by all vari-
ables at level, while it is rejected by the first differences of
variables. The structural breaks of CO, emissions, per cap-
ita GDP, hydropower consumption, energy endowment,

Table 2. Zivot-Andrews unit root test

At level At 1st difference
Variable

T-sta. break T-sta. break
InC, —-3.329(4) 2003 —5.533(4)** 2003
InY, -3.942(2) 1976 -7.251(1)* 1982
InY? | -2813(2) | 1976 | -7.459(1)* 1982
InN, —4.336(0) 2004 —6.598(4)* 2004
InO, -3.812(1) 1989 —5.037(4)** 2002
InSR, —3.483(0) 1975 —-5.804(2)* 2008
InIS, —4.154(1) 1980 -5.637(0)* 1985

Note: *, ** and *** stand for the significance at 1%, 5% and 10%
levels.

fossil energy consumption and industrialization are 2003,
1976, 2004, 1975, 1989 and 1980, respectively. This sug-
gests that there may be structural breaks in the cointegra-
tion of variables.

If the sequence has more than one structural break,
the Zivot-Andrews method cannot detect the existence
of other breaks, so the Bai and Perron (B-P) method is
applied to test multiple structural breaks. Bai and Perron
have carried out the thorough research about structural
breaks and have proposed the “endogenous structure
breaks test” method. This method does not need to pre-
suppose the number and dates of structural breaks in
advance, and it overcomes the limitation that only one or
two structural breaks can be detected before. Bai proved
that the method also has a good fit under the condition
of small samples. What’s more, it is an accurate and ob-
jective method at present. The findings of Bai-Perron are
displayed in Table 3.

Table 3 illustrates that SupF1(0/1) and SupFT(1/2) val-
ues of CO, emissions, economic development, fossil en-
ergy consumption and hydropower consumption are all
significant at 5% level.

The UDmax and WDmax values of these variables are
also significant at 5%, which confirms the existence of
structural breaks, indicating that there are two structural
breaks in each one of these variables. SupFT(0/1) values

Table 3. The results of Bai-Perron test

Variable SupF(0/1) SupF(1/2) UDmax WDmax Structural break
InC, 160.473 * 73.890 * 196.549* 266.358* 2002,1978
InY, 166.006* 74.156* 253.248% 343.195* 1993,1980
InY? 167.893* 37.955% 394.670* 341.948% 1995, 2006, 1984
InN, 118.796* 114.360* 118.796* 207.832* 1994,1981
InO, 99.899* 51.280* 99.899* 194.378* 1992,1978
InSR, 154.453* 8.2993 193.049* 261.614* 1999
InIs, 217.315% 0.825 217.315* 249.480% 1993

Note: * suggests significance at 5% level.
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of energy endowment and industrialization are significant
at 5%, while SupF;.(1/2) values of energy endowment and
industrialization are not significant, meaning each of these
variables has a structural break.

2.2. Cointegration with structural breaks

For studying whether there is cointegration with structur-
al breaks or not, ARDL bounds testing is employed in this
paper. The lag length selection is performed on all vari-
ables with AIC and SBC. The ARDL method with smaller
error term is used in this analysis. Table 4 exhibits out-
comes of ARDL method with structural breaks in series.

Table 4 illustrates that long-term links between vari-
ables exist. In N-EKC model, when carbon emissions,
industrialization and hydropower consumption are ex-
pressed as independent variables and other factors are
dependent variables, the F-statistics are beyond the up-
per bounds critical values at the significance level of 1%.
It illustrates the presence of cointegration with struc-
tural breaks from 1965 to 2016, meaning that long-term

relations exist between the series. When economic growth,
energy endowments and the square of economic growth
are independent variables, the F-statistics are not signifi-
cant. According to the results, there are 3 cointegration
vectors in N-EKC model. In O-EKC model, when eco-
nomic growth, carbon emissions and the square of eco-
nomic growth act as independent variables, the F-statistics
are significant at 1% level. It indicates that 3 cointegration
vectors exist in O-EKC model. There is no autocorrelation
between error terms according to diagnostic tests. The au-
toregressive conditional heteroskedasticity test (Carcr)
signifies that the errors are homoscedastic. Normality
test (Jarque-Bera) denotes that error terms are normally
distributed. Regression setting error result presents that
the models are set up very well. ARESET Ramsey value
confirms that the models are well specified. It lustrates
the existence of long-term and short-term relationships,
and the effect of variables on CO, emissions and the exist-
ence of EKC can be analyzed. The long- and short-term
nexus in carbon emissions, energy endowment, economic

Table 4. The outcomes of ARDL test

Diagnostic tests
. Optimal la Structural

Estimated N-EKC model plength & break F-sta. YireH YEsET Y3ERIAL
Ry, (InG, /InY,,InY2InSR,,InIS,,InN,) (4,0,1,0,1,1) | 2002, 1978 6.580* 0.119[1] 0.616[1] 0.055[1]
Epy,(InY,/InC,,InY?,InSR,, In IS, In N, ) (1,0,1,0,04) | 1993, 1980 0.845 | 0.004[1] 0.244[1] 0.089[1]
Fyy, (Y2, /InC,,InY,InSR,In IS, InN,) | (2,0,1,00,0) 199?;;;’06’ 0560 | 2.988[1] | 2923[(1] | 0.453[1]
Rpsp, (ISR, /InY,,InY?, InC,,In IS, InN,) | (1,0,1,1,0,0) 1999 2.384 | 2.726[1] 2.666[1] 1.030[1]
Fqgs, (In IS, /InY,,InY2,InSR,,InC,,InN,) (3,1,0,0,1,2) 1993 7.581% 1.668[1] 9.165[1] 0.189[1]
By, (InN; /InY,,InY2,InSR,,InIS,,InC,) (1,1,0,0,0,0) | 1994, 1981 7.004* 1.591[1] 6.083[1] 0.151[1]

. Optimal la Structural

Estimated O-EKC model plength & break F-sta. YircH Y&EsET YEERIAL
By, (InG, /InY,,InY?2,InSR,,InIS,,In0,) (1,0,1,0,0,1) | 2002, 1978 5.170** |  8.193[1] 0.899[1] 0.809[1]
Ry, (InY, /InC,,InY?,InSR,,In1S,,InO,) (1,1,1,0,0,0) | 1993,1980 | 18.323* | 0.354[1] 1.841(1] 0.222[1]
Foy, (Y2, /InCp,InY, InSR,InIS,1n0) | (1,0,1,100) | 0209 | 7765+ | 002011] | 269301 | 170001]
Fpsg, (ISR, /InY,,InY2,InC,,InIS,,In0;) (1,0,1,1,0,0) 1999 2.971 0.122[1] 0.513[1] 0.321[1]
By, (In1S, /InY,, InY?,In SR, InC,, InO;) (1,1,1,0,0,0) 1993 2.329 0.610[1] 4.519[1] 2.205[1]
Epo,(InO, /InY,,In¥?2,InSR;,InIS;,InC,) (1,1,0,0,0,0) | 1992, 1978 3.471 0.501[1] 1.049[1] 0.138[1]
Significant level Critical values(T = 52)*

Lower bounds I1(0) Upper bounds I(1)

1% level 3.955 5.583
5% level 2.900 4218
10% level 2.435 3.600

Note: *, **, *** represent significance at 1%, 5% and 10% levels.
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growth, hydropower consumption, industrialization and
fossil energy consumption are shown in Table 5.

First of all, we can see that both in O-EKC and N-
EKC models, the long-run coefficients of InY, and InY?
are positive and negative. The findings demonstrate that
there is EKC in China. The result is consistent with Alam,
Murad, Noman, and Ozturk (2016). Based on the study of
long-term relationship, it is found that in N-EKC model,
the coefficient of hydropower consumption is negative, in-
dicating that hydropower consumption increases 1%, and
carbon emissions will be reduced by 0.155%.

In O-EKC model, fossil energy consumption coef-
ficient is positive, which means that it increases carbon
emissions, that is, with other variables constant, a 1% rise
in fossil energy consumption increases 0.843% of carbon
emissions. It boots carbon emissions by 0.614% when
economic growth rises 1%. The outcomes of this study
are consistent with Abdulkadir (2016). The square of eco-
nomic growth is in negative relation with the carbon emis-
sions, and when the other conditions are unchanged, the
square of economic growth is increased by 1% and the
carbon emissions is reduced by 0.042%. Economic growth
positively influents carbon emissions and the square of
economic growth negatively affects carbon emissions
under the condition of structural breaks. The impact of
hydropower on CO, emission is increasing, since the ab-
solute value of long-term coefficient of InN, is greater
than that of short-term. The difference value of InO, co-
efficient is smaller than that of InN, . This illustrates that
fossil energy contributes to carbon emission; however, its
influence will be weakened over time and hydropower will
increasingly decrease carbon emissions.

From short-run coefficients, in N-EKC model, eco-
nomic growth and industrialization positively affect car-
bon emissions. They lead to carbon emissions increase by
0.004% and 0.198% when economic growth and indus-
trialization increase 1%. The square of economic growth,
hydropower consumption and energy endowments nega-
tively affect carbon emissions. A 1% decrease in economic
development, hydropower consumption and energy en-
dowments decrease carbon emissions by 0.031%, 0.042%
and 0.096%, respectively. The coeflicient of ECMt-1 is

—0.129. In O-EKC model, economic growth, fossil energy
consumption and industrialization show great favorable
influence on carbon emissions. What’s more, the square of
economic growth and energy endowment have a negative
contribution to carbon emissions. The value of ECMt-1 is
equivalent to —0.248. It is statistically significant and fur-
ther validates that each variable has a definite long-term
relationship.

2.3. VECM Granger causality test considering
structural breaks

The causality relation among the sequences is analyzed
and Table 6 presents the long- and short-term outcomes.
In N-EKC model, the long-term coeflicients, —0.123 and
—0.047, are significant. It illustrates that causality between
CO, emissions and economic growth are bidirectional.
This finding coincides with Zhang, Pang, Chen, and Lu
(2019). According to the analysis, since the coeflicients,
-0.123, —0.047 and —0.052, are significant, there is evi-
dence of bidirectional Granger causality among industri-
alization level, carbon emissions and economic growth.
This discovery is the same as Rahman and Kashem (2017).
According to long-run and strong causality results, bi-
directional causality is between CO, emissions and hy-
dropower consumption, hydropower consumption and
economic growth, industrialization level and hydropower
consumption. This result is supporting the prior study of
Bildirici and Gokmenoglu (2017). Bidirectional linkages
exist between fossil energy consumption and carbon emis-
sions, fossil energy consumption and economic growth,
and fossil energy consumption and industrialization level.
The findings are similar to that of Pinzén (2018).

In a very short period, the coeflicients of economic
growth and energy endowment are 9.433 and 5.887, sig-
nificant in levels of 1% and 10%, respectively. Unidirec-
tional causal relation is from economic growth to CO2
emissions, energy endowment to carbon emissions. Eco-
nomic growth Granger causes energy endowment, just
as industrialization level to energy endowment. Bidirec-
tional nexus is between Hydropower consumption and
carbon emissions. The bidirectional Granger causality ex-
ists between industrialization level and carbon emission,

Table 5. Estimation of long-term and short-term nexus

Long-run
Variable InY, InY? InN, InO, InSR, InIS, Constant D2002 D1978
Coef. 0.129* -0.012* —0.155*% - 3.793** 1.544* —-8.932* 0.758* —-0.150*
Coef. 0. 164* -0.006* - 0.843* 0.137** 0.134* -1.239** 0.251* —0.046*
Short-run
Variable AlnY, AlnY}? AlnN, AlnO, AlnSR, AlnIs, AD2002 ADI1978 | ECM(-1)
Coef. 0.004* -0.031* —0.042* - —-0.096* 0.198** 0.097 -0.019* —-0.129*
Coef. 0.152% -0.007* - 0.773* —-0.034* 0.033* 0.062* —-0.012* —0.248*

Note: *, **, *** are significant at 1%, 5% and 10% levels.
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Table 6. VECM Granger causality results

Independent variable

N-EKC model Short-term Long-term

> AlnC,_, > AlnY, > AlnY2, | D AInN,,; | Y AInSR_; | Y AlnIS, ECT,_,
AlnC, - 9.433* 8.555** 18.039* 5.887*4%* 8.636* —-0.123*
AlnY, 1.749 - 7.627** 4.074 0.919 9.541% —-0.047*
AlnYt2 0.601 6.767** - 3.426 0.504 9.039% —-0.761*
AlnN, 5.328%* 2.507 3.828 - 1.703 5.536*** -0.071*
Aln SR, 1.127 6.204** 8.227%* 4.005 - 8.618** 0.007
AlnIs, 9.630* 9.008** 8.126** 6.151** 0.132 - —0.052**
O-EKCmodel| D> AInC,, | Y AlnY,, | Y AlnY?, | D AInO,, | Y AlnSR_, | Y AlnIs, ECT,
AlnC, - 9.480** 9.093** 20.487* 2.775 10.542* ~1.028*
Alny, 24.512* - 28.138* 16.771* 10.058** 9.418* ~1.011*
AlnY? 19.258* 21.674* - 14.289* 7.526%% 10.478* ~11.484
AlnO, 47.703* 11.543* 12.460* - 7.309%** 5.043 -1.161*
AlnSR, 1.435 0.787 0.278 9.458% - 3.685 0.151
AlnlIS, 12.125% 17.282* 18.605* 11.825* 2.812 - -0.991*

Note: *, ** and *** are significant at 1%, 5% and 10% levels.

industrialization level and economic growth. Industri-
alization level Granger causes hydropower consumption
and as a result, hydropower consumption Granger causes
industrialization level.

3. Further discussion

The absolute values of long-term coefficients of fossil ener-
gy consumption and hydropower consumption are greater
than that of short-term coefficients. The results suggest
that as time goes on, the consumption of hydropower will
decrease CO, emissions increasingly significant. And at
the same time, it also reflects that CO, emissions from
fossil energy consumption will continue to rise for some
time. Notably, the absolute value of hydropower con-
sumption coefficient is far lower than that of fossil energy
consumption, which means that the reduction of carbon
emissions from hydropower consumption can be masked
because of the increase of fossil energy consumption.

Conclusions and policy implications

Based on the EKC hypothesis, two models were construct-
ed by introducing fossil energy consumption, hydropower
consumption, industrialization level and energy endow-
ment, and the effect of these factors on carbon emis-
sions from 1965 to 2016 was analyzed. The unit root tests
were carried out to estimate the stability of variables. The
ARDL method with structural breaks was used to explore

the cointegration and long- and short-term dynamic re-
lations between variables in the two models. The causal
relationship and direction between the variables in the
two models are analyzed by VECM Granger causality. It
is found that long-term cointegration relationships exist
when carbon emissions variable is an independent vari-
able. Industrialization, CO, emissions, economic growth
and hydropower (fossil) energy consumption all have
long-term bidirectional granger causality. The main con-
clusions are as follows.

1. The results reflect that EKC exists in China. The
long-term coefficients of InY, and InY?both in N-EKC
and O-EKC models are positive and negative, respectively.
This suggests that economic growth deepens over time,
and CO, emissions in China will reach a peak and then
shows a downtrend. The result is consistent with the study
of Li, Wang, and Zhao (2016).

2. The ARDL estimation outcomes reveal that CO,
emissions can be significantly reduced by the consump-
tion of hydropower in China. And as time goes on, the
consumption of hydropower will decrease CO, emissions
more and more significantly. Specifically, carbon emis-
sions will be reduced by 0.155% when hydropower con-
sumption increase 1%, which means that hydropower can
become an effective alternative for fossil energy. The abso-
lute value of long-run coefficient of InN, is 0.155, which is

greater than short-run coefficient of InN,, 0.042. The out-
come is in line with Ogino, Dash, and Nakayama (2019).
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3. The VECM Granger causality outcomes indicate
that many factors have bidirectional causal links with CO,
emissions. Industrialization level and economic growth
have bidirectional relationships with CO, emissions. This
reveals that the increase of industrialization level and eco-
nomic growth results in an increase in CO, emissions. For
another, CO, emissions can affect industrialization level
and economic growth. The outcomes are similar with the
prior study of Muhammad (2019).

Based on the above conclusions, important policy im-
plications are proposed.

1. More attention should be payed to formulate eco-
nomic, environmental and energy policies to promote the
EKC research in China (Xie, Xu, & Liu, 2019).

2. Since the reduction of CO, emissions from hydro-
power consumption can be masked by the increase of fos-
sil energy consumption, a series of policies are supposed
to be adopted to increase the share of hydropower con-
sumption, and increase other clean energies (Bello, Sakiru,
& Yuen, 2018).

3. Economic transformation should be promoted to re-
newable energy. Policies should be formulated to reduce
CO, emissions, and at the same time increase economic
growth (Mikayilov, Galeotti, & Hasanov, 2018).
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APPENDIX

Supplementary data

Table A1l. Definition of the variables
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Variable Definition Unit Supporting reference Data source
SR Energy endowment % éabﬁlr;)iadl and Ozturk (2016); Bian and Yu CESY (2017)
IS Industrialization level % Haraguchi et al. (2019); Li and Lin (2015) | CSY, (2018)
C Carbon emissions Per capita/tons Zhou and Li (2019); Du et al., (2019) BP (2018); CSY (2018)
. . Arestis and Baltar (2019); Bernier and
GDP Economic growth Per capita/yuan Plouff (2019) CSY (2018)
N Hydropower Mtoe Zhong Zhao, He, and Chen, (2019); Wang, | CESY (2017);
consumption Yan, Zhuang, and Zhang (2019) CSY (2018)
o Fossil energy Mtoe Meng, Fu, & Wang (2018); Zhou and Feng CESY (2017)
consumption (2017)
Table A2. Meaning of the abbreviations in this paper
ARDL Autoregressive distributed lag model GDP Gross domestic product (Economic growth)
AIC Akaike information criteria IS industrialization level
ADF Augmented Dickey-Fuller Mtoe million tonnes oil equivalent
B-P Bai and Perron method N Hydropower consumption
BP formerly British Petroleum N-EKC the EKC Ipodel that considers the role of hydropower
consumption
CESY China Energy Statistical Yearbook O-EKC the EKC rpodel that considers the role of fossil energy
consumption
CSY China Statistical Yearbook o Fossil energy consumption
CO,(C) Carbon dioxide PP Phillips-Perron
D, dummy variable SR Energy endowment
D, dummy variables SBC Schwarz-Bayesian criteria
DF-GLS Dickey-Fuller Generalized Least Squares | Sup-F test Sup wald test
EKC The environmental kuznets curve VECM vector error correction model
FMOLS Fully modified ordinary least squares Z-A Zivot-Andrews method
Table A3. Descriptive statistics of the selected variables
InC InY InN InO InIS InSR
Mean 0.79 7.60 -3.60 -0.16 3.87 458
Median 0.73 7.43 -3.70 -0.18 3.85 4.60
Max. 1.91 9.62 -1.67 1.02 4.13 4.71
Min. -0.50 5.95 -5.16 -1.49 3.44 4.37
Std. Dev. 0.70 1.16 1.02 0.71 0.20 0.09
Skewness 0.09 0.24 0.31 0.01 -0.18 —-0.46
Kurtosis -0.83 -1.26 -0.95 -0.76 -1.20 -0.99
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