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The 21st Conference of the Parties (COP 21) was a significant attempt by governments to
make and monitor commitments to limit global warming. However, COP 23 “sought to
continue the global momentum to decouple output from greenhouse gas (GHG)
emissions.” Among the GHGs, carbon dioxide (CO,) is the major one most countries
worry about. This paper examines the decoupling situations of China’s CO, emissions and
economic growth, considering the country’s progress situation from the year 2000 to
2019. For this, we employed two models: the environmental Kuznets curve (EKC) model
for exploring the long-run decoupling status and the influence factors of CO, emissions
and the Tapio model for the short-run decoupling status. Later, the Tapio model was
extended to analyze the influence of industrial structure, energy structure, and population
structure. The long-term results suggest that China’s CO» emissions have not decoupled
yet, but the emission’s intensity has decoupled in mid-2006. The short-term decoupling
results revealed that the degree of decoupling changed to weak from strong in the last five
years. According to the influencing structure’s results, the industrial and energy structures
inhibited CO, emissions, but their influence was not strong enough to offset the impact of
economic growth; however, the population structure indorsed CO, emissions. Lastly, we
found an unusual verdict that is the change of EKC into a U-shape from an inverted
U-shape, and the observed reason is the control variable introduction. We also observed
that the turning point became greater after introducing the industrial structure separately.
Overall, from the perspective of the observed decoupling trends, it is suggested that China
should strengthen and further optimize its energy structure to match the industrial
structure.

Keywords: carbon dioxide emissions, decoupling analysis, economic growth, EKC, Tapio decoupling model

1 INTRODUCTION

The pledge to tackle global warming potential was a significant attempt by nations in the 21st
Conference of the Parties (COP 21) (De Moor (2018). The follow-up COP summits have maintained
the same pledge; however, in COP 23, there was a global momentum on decoupling the country’s
outcome from greenhouse gas emissions (Gough, 2017). Carbon dioxide (CO,) is the most
significant GHG that most countries are concerned about. The recent report “State of the Global
Climate 2020” (WMO, 2021) from the World Meteorological Organization (WMO) suggests that
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FIGURE 1 | (A) China’s annual GDP growth % from 2000 to 2019; (B) comparison of China’s annual GDP growth % with those of other nations. Data source: World
Bank national accounts data and OECD National Accounts data files (World Bank, 2020).

even though the global economy is declined and the emissions of
new GHG were only reduced temporarily, the positive effect of
the COVID-19 pandemic is significant here. Also, it did not
inhibit the increase in atmospheric GHG concentration and
temperature (WMO, 2021). Though this mere effect on
decreasing GHG is seen, the theories and proven facts clearly
leave the signs of increasing global warming and global climate
change, which are the most considerable environmental problems
of the present. They pose a greater threat to both developed and
developing countries, especially those aiming to achieve
sustainable economic growth and development (Alege et al,
2016). As a result, the extent to which decoupling is occurring
is still seen as a point of contention. China is one leading nation
aiming to achieve sustainable economic growth and development.
If we look at China’s historical gross domestic product (GDP)
data, as shown in Figure 1A (World Bank, 2020), the trend can be
observed clearly. As per the 2020 reports, the annual GDP growth
% was maintained at 2.3% (World Bank, 2020). However, if we
compare the % of annual GDP growth rates with those of other
nations, China’s performance is notable (see Figure 1B) (World
Bank, 2020). More recently, in 2020, President Xi Jinping said
that China’s CO, emissions should reach their peak by 2030, and

China would strive to achieve net neutrality by 2060. Given
China’s current position as one of the largest CO, emitters, its
emission reduction targets are significant in achieving the global
target of 2°C in this century.

In this context, it is imperative to understand the upshot of
COP 23’s momentum of decoupling the country’s outcome from
GHG. The environmental Kuznets curve (EKC) hypothesis holds
that economic growth leads to increased environmental pollution
at the beginning of the economic development process. However,
when economic growth reaches a turning point, the economic
growth will decrease the environmental pollution. The EKC
hypothesis has been widely used, and many researchers hope
to predict the turning point to help policymakers predict the peak
time (Jin et al., 2017; Dong et al., 2018; He et al., 2021). Dong et al.
(2018) estimated that the per capita gross domestic product
(GDP) at the inflection point is 96,680.47 yuan, which will be
reached by 2028. While Jin et al. (2017) suggested that the
inflection point would be reached at least five years later in
the period from 1995 to 2012, yet the peak did not appear
now. This is affected by energy conservation, emission
reduction, and related policies; as a result, the growth rate of
China’s CO, emissions has gradually slowed since 2012 (He et al,,
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2021). Almost at the same time, the speed of China’s economic
development has slowed, entering a new development stage. This
new development stage triggered numerous questions. For
instance, do the CO, emissions decouple from the economic
growth in the new stage? Are there any new changes? What
factors affect CO, emissions by the view of structure change?

Considering the above-raised questions, this study aims to
compare the decoupling of economic growth and CO, emissions
from different points. A key focus was made on exploring the
potential new changes in this new development stage in China,
followed by finding the reasons for such changes.

2 LITERATURE REVIEW

As mentioned earlier in Section 1, many governments and
researchers always focus on the relationship between economic
growth and environmental pollution. Some even focus on specific
sectors or specific technology in a specific sector, as discussed by
Shah et al. (2020a), Shah et al. (2020b), and Nagqvi et al. (2020). To
explain such a relationship, numerous methods are being used in
the literature. For the decoupling analysis, there are two main
types. One is judging whether CO, emissions decrease with the
growth of economy from the view of absolute quantity.

The popularly used method is the EKC model. Many
researchers have verified it in different countries or regions.
Shah et al. (2021) tested the EKC model to identify the drivers
of environmental degradation with economic development for
Western Asia and North African regions and reported that the
U-shaped and inverted U-shaped EKC hypotheses are valid.
Naqvi et al. (2021) verified EKC and renewable energy
environment Kuznets curve (RKC) hypotheses considering the
renewable energy, economic development, and ecological
footprint nexus for 155 countries. Ali et al. (2021) tested the
EKC in Nigeria from 1981 to 2014; their results supported the
EKC hypothesis. In Pata (2018) research, the EKC in Turkey from
1974 to 2013 existed in the long term and short term. Prastiyo
et al. (2020) found the EKC in Indonesia was in existence, Haseeb
et al. (2018) found that BRICS economies supported the EKC
hypothesis, and Zaidi et al. (2019) discussed the EKC of Asia-
Pacific Economic Cooperation (APEC) member countries; the
results supported the EKC too. Gokmenoglu and Taspinar (2018)
explored the EKC hypothesis that also existed in the agricultural
sector in Pakistan from 1971 to 2014. For China, Li et al. (2020)
found the EKC hypothesis held by the province panel data of
China from 1997 to 2016. Sun et al. (2021) got similar results in
the research period of 2000-2012. In the research by Hao et al.
(2019), they found that the EKC was in existence, but the turning
point would not appear soon. Furthermore, Xia and Wang (2020)
and Liu and Xiao (2018) verified the existence of the CO, EKC
hypothesis in China. However, some studies did not verify the
EKC hypothesis. For instance, Jin and Kim (2020) studied 34
Annex I countries and found that only 5 countries supported the
EKC. Other researchers found the curves instead showed linear
(Hu et al., 2013), U-type (Ajmi and Inglesi-Lotz, 2021; Hasanov
et al,, 2019), N-type (Allard et al., 2018; Shah et al., 2020a], and
inverted N-type (Ameyaw et al., 2020) relationships.

Decoupling From Two Dimensions

The other type is judged by the growth rate, in other words,
whether the CO, emission growth speed declines or even reaches
negative growth as the economic growth rate increases. The
commonly used method is the Tapio decoupling model. Some
studies showed that the decoupling level of developed countries
or regions is more robust than that of developing countries or
regions. Li and Jiang (2020) compared the decoupling of the six
highest global CO,-emitting countries by using the Tapio
decoupling model; their results showed that the decoupling
situation of the developing countries was more unstable and
weaker than that of the developed countries. The verification
results of Ozturk et al. (2021) in China, India, and Pakistan show
that all three countries have a decoupling trend. However,
Pakistan is the most expensive, followed by India and China.
Researchers also produced similar findings in China; the
decoupling degree of developed regions or provinces is more
robust than that of underdeveloped regions or provinces. Cohen
et al. (2018) found that the decoupling of more prosperous
provinces is more robust than that of poorer provinces in
China. Peng et al. (2011) found that although the degree of
decoupling in the eastern region was more robust than that in
other regions in China, the regional differences had a noticeable
narrowing trend with the improvement of the economy. As
China’s per capita income grows continually, our study wants
to find whether the degree of carbon emission decoupling is more
substantial than before or not. Numerous other approaches are
applied in the literature to different countries to understand the
relationships between economic growth and CO, emissions, for
instance, the unexplored nexus in ASEAN countries (Haseeb
et al.,, 2019), bootstrap ARDL approach for Singapore (Meirun
et al,, 2021), fixed asset model for ASEAN countries (Krisada
etal,, 2021), and Markov switching equilibrium correction model
(MS-ECM) for Pakistan (Shah et al., 2022). Additionally, there is
some instance of understanding carbon footprint implications
due to outward foreign direct investment (OFDI), human well-
being, and the public sector’s macro indicators based on the
cross-country analysis (Zhang et al., 2021).

In summary, the theoretical and empirical research on the
decoupling of CO, emissions has obtained many essential
conclusions. However, most of the existing literature was
based on only one decoupling method, and there were fewer
studies with two or more methods. Coming to the research on
China, the study period was mostly 2016; the conclusions were
optimistic and did not lead to a strategic conclusion. In addition,
the literature evidence suggests that most studies believe CO,
emissions are affected by exogenous factors, such as energy
consumption, urbanization development, transportation,
and OFDL

Hence, this paper will explain the influence factors of CO,
emissions from a new point. For this, we claim that the
characteristics of CO, emissions were affected by the industrial
structure. The endowment structure affected the industrial
structure (including energy and population structures) (Lin
2011). So, the structure of the CO, emission was
endogenously determined by the endowment structure. The
EKC and Tapio models were used to analyze the decoupling
in terms of quantity and speed separately. Furthermore, we
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selected 2000-2019 as the research period, including the latest
data after 2016. Firstly, we analyzed the long-term decoupling
trend of China’s CO, emissions based on the EKC hypothesis
model. Then, we discussed the short-term CO, decoupling based
on the Tapio model. Finally, we introduced three control
variables (including the industrial structure, energy structure,
and population structure) into the model to explore the influence
on decoupling.

3 METHODS AND DATA COLLECTION

3.1 Decoupling Models
3.1.1 EKC Model
Kuznets originally used the EKC hypothesis to describe the inverted
U-shaped curve relationship between economic growth and income
inequality. Grossman and Krueger found that an inverted U-shaped
curve was also valid in economic growth and environmental
pollution. Later, environmental economists extended Kuznets’s
hypothesis theory. The inverted U-shaped curve was called the
environmental Kuznets curve (EKC) (Lin 2011).

The general formula for the EKC hypothesis is given as follows
(Bhattarai and Hammig, 2001):

Y=a+p,G+B,G +B,G +yX +¢, (1)

where Y represents environmental pollution, G represents
economic growth, X represents other control variables that
significantly impact Y, a is the intercept term, the p’s are the
estimation parameters, and € represents the random error term.

The natural pair of variables is generally used for numerical
modeling in practical applications. The advantage of this is that it
can change the relationship between variables and reduce the
fluctuation of variables and reduce the value of sample
heteroscedasticity. Thus, the regression coefficient is
transformed into the elasticity coefficient of independent
variables to dependent variables. Therefore, Eq. 1 is changed

into the following equation:
InY = a+pB,InG+p,InG* + B, InG’ + yInX + &. (2)

The curvilinear relationship between G and Y is as follows:

If 1 = B2 = B3 = 0, then G and Y are not related;

If B1 > 0 and B2 = f3 = 0, then G and Y are monotonically
increasing;

If B1 < 0 and B2 = f3 = 0, then G and Y are monotonically
decreasing;

If 1 > 0, f2 < 0, and B3 = 0, then G and Y show an inverted
U-shaped curve;

If 1 < 0, f2 > 0, and B3 = 0, then G and Y show a U-shaped
curve;

If B1 > 0, B2 < 0, and B3 > 0, then G and Y show an N-shaped
curve;

If p1 < 0, B2 > 0, and 3 < 0, then G and Y are in an inverted
N-shaped curve.

Among the above seven relationships, only the fourth
relationship is the EKC relationship.

Decoupling From Two Dimensions

Figure 2A shows the decoupling states of the inverted
U-shaped curve. As shown in Figure 2A, Gy is the turning
point. When G < Gy, Y increases with the growth of G, but
the change rate of Y becomes increasingly smaller, i.e., the
same difference of G brings a smaller difference of Y, so Y
and G are in a relative decoupling state. When G > Gg, Y
decreases with the increase of G, and Y and G are in an
absolute decoupling state. In contrast, in the U-shaped curve
shown in Figure 2B, when G < Gy, Y decreases with the
increase of G, and Y and G are in an absolute decoupling
state. When G > Gy, Y increases with the increase of G, and
the change rate of Y becomes larger and larger, so Y and G are
in an expansive coupling state. Similarly, the N-shaped curve
is just like a U-shaped curve following an inverted U-shaped
curve. When G reaches the first turning point, Y and G are in
an absolute decoupling state from a relative decoupling state.
Then, with the uncontrolled economic development, the
capacity of the environment regarding pollution exceeds
the limit, and the decrease of Y becomes smaller; when G
reaches the second turning point, Y and G are in the coupling
state again, also called re-linking (Grossman and Krueger,
1995). In contrast, the inverted N-shaped curve is a
U-shaped curve in the first half and an inverted U-shaped
curve in the second half. When G reaches the first turning
point, it will experience a more expansive coupling process
and then gradually improve to a relative decoupling state.
When G reaches the second turning point, Y and G are again
in the absolute decoupling state.

As discussed in Section 1 and Section 2, there were some
different research results regarding the EKC, and the results
showed that the EKC is sensitive to research years and research
indicators. When the economic growth of an economy
achieves a high level, the “CO, emissions per unit GDP”
will first reach an inflection point that displays a downward
trend. However, the “CO, emissions per capita” peak will lag
behind. However, they achieved a real turning point only when
per capita CO, emissions began to decline continuously
(Mikayilov et al., 2018). Hence, this study selected per
capita CO, emissions (PC) and CO, emission intensity (CI)
to represent the variable Y and used total CO, emissions (TC)
to test the stability. The economic growth variable G was the
per capita gross domestic product (PGDP) (Bhattarai and
Hammig, 2001). So, Eq. 2 is changed and represented as
follows:

InTC = a + B,InPGDP + $,InPGDP? + §,InPGDP* +¢,  (3)
InPC = a + B,InPGDP + B,InPGDP? + B,InPGDP’ +¢,  (4)
InCI = a + B,InPGDP + B,InPGDP? + B,InPGDP’ +¢.  (5)

According to Lin (2011), the factor endowment structure of an
economy determines its production structure, including the
industrial structure and technological structure, and the
characteristics of the production structure determine its
environmental structure. Energy is the major force of motive
in the industry. Fossil energy consumption, especially coal, is the
major leading source of CO, emissions. Therefore, we selected the
energy structure (ES) and population structure (PS) in factor
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FIGURE 2 | Decoupling states: (A) inverted U-shaped and (B) U-shaped curves.

TABLE 1 | Judgment rules of the Tapio decoupling index.

Economic growth Decoupling state

Economic expansive Expansive negative decoupling (END)
Expansive coupling (EC)

Weak decoupling (WD)

Strong decoupling (SD)

Recessive decoupling (RD)
Recessive coupling (RC)

Weak negative decoupling (WND)
Strong negative decoupling (SND)

Economic recessive

endowment and industrial structure (IS) as control variables;
then, Eq. 2 is changed into the following equation:

InPC = a + ,InPGDP + B,InPGDP.? + B,InPGDP.” + y,InES

+Y,InIS + y,InPS + ¢.
(6)

3.1.2 Tapio Decoupling Model

The Organisation for Economic Co-operation and Development
(OECD) developed the Tapio decoupling model. While Tapio
studied the correlation between the transportation CO, emissions
and the GDP of EU 15 countries, taking the elastic value of
environmental pressure on driving factors as the division basis, he
improved the OECD. Decoupling theory extended the decoupling
situations into eight types, usually called them decoupling states.
The following equation represents the GDP elasticity of CO,
emissions (Tapio 2005):

%AC  ACO/cp,

- , 7
%AGDP ~ AGDP/;pyp ()

DI ccpp) =

where DI, gpp) represents the GDP elasticity of CO, emissions,
ACO, represents the growth of CO,, and AGDP is the growth of
the economy.

AC AGDP Decoupling index (DI)
>0 >0 DI >1.2

>0 >0 08<Dl<12

>0 >0 0<DI<08

<0 >0 DI<0

<0 <0 DI>1.2

<0 <0 08<Dl<12

<0 <0 0<DI<08

>0 <0 DI<0

The judgment rules of Tapio decoupling were divided into two
categories according to economic expansion and economic
recession. Table 1 shows the judgment rules’ details.

As the decoupling index constructed by Tapio is not affected
by the base period year, the division is detailed, making it more
objective and accurate than the OECD index. According to
Table 1, due to China’s stable economic growth, %AGDP is
always greater than 0, and the decoupling state is in four states in
the stage of economic expansion. For different CO, emission
variables, if %AGDP is constant, then the smaller %AC is, the
smaller the decoupling coefficient DI is and the stronger the
decoupling degree is. Conversely, %AC is more significant, the
decoupling coefficient DI is greater, and the degree is weaker.

We extended the Tapio model to analyze the role of different
driving factors, where the driving factor decoupling model is
given as

%AC _AC0:/co,
%AX  AX

where ACO, implies the difference in CO, emission growth and X
implies the growth of three different driving factors (energy
structure, industrial structure, and population structure).
According to Eq. 8, if %AC is constant, then the smaller %AX
is, the greater the decoupling coefficient DI is and the greater the

; ®)

DI ccpp) =
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TABLE 2 | Carbon emission factors and standard coal conversion factors of energy types.

Energy type Carbon emission Standard coal Energy type Carbon emission Standard coal
factors (kgC/kg) conversion factors factors (kgC/kg) conversion factors
(coal/kg) (coal/kg)
Coal 0.7559 0.7143 Kerosene 0.5714 1.4714
Coke 0.8550 0.9714 Diesel oil 0.5912 1.4571
Crude oil 0.56857 1.4286 Fuel oil 0.6185 1.4286
Gasoline 0.5538 1.4714 Natural gas 0.4226 1.3300
The unit of natural gas is kgC/m® and coal/m®. Data source: The 2006 IPCC national greenhouse gas guide (33).
TABLE 3 | Definitions of variables.
Variable Definition Unit
TC Total CO, emissions 108 tons
PC Per capita CO, emissions ton
Cl CO, emissions per unit gross regional product ton/10* yuan
PGDP Per capita GDP yuan
PS The urban population divided by the total population %
IS The output of secondary industry divided by GDP %
ES Coal consumption divided by total energy consumption %
effect of the corresponding driving factors on CO, emissions is.
Conversely, the larger %AX is, the smaller DI is and the smaller ~ TABLE 4 | Description statistics of the variables.
the effect of the corresponding driving factors on CO, Variable TC PC cl PGDP Is ES PS
emissions is.
Mean 93.04 6.90 3.64 20417 44.27 67.51 48.91
St. Dev 30.56 211 0.64 9429 2.87 4.56 7.67
3.2 Data Squr_‘ces . . Min 41.45 3.27 2.44 7912 38.97 57.70 36.22
3.2.1 CO, Emission Estimation Model Mex 12650 907 449 87021  47.56 7250  60.60

The standard method used to estimate CO, emissions is the
emission factor by the IPCC, and it has been the most widely used
method even at present. This method estimates carbon emissions
based on the greenhouse gas inventory, such as “the 2006 IPCC
national GHG guide” prepared by the IPCC (The
Intergovernmental Panel on Climate Change, 2006) and “the
provincial GHG inventory preparation guide” prepared by China
(NDRC, 2011). We used the following specified formula for
estimation:

CO, = ) COy; = ) ED; x EF,; x 44/12, )

where CO, is total CO, emissions related to energy consumption,
ED represents the energy consumption, EF represents the carbon
emission factors (Table 2), and the subscript I represents the
energy type; here, we selected eight types that include coal, coke,
crude oil, gasoline, kerosene, diesel, fuel oil, and natural gas.

3.2.2 Variables and Data Sources
Table 3 indicates the selected variables for this study, along with
definitions. The energy consumption data were collected from the
China Energy Statistical Yearbook (2001-2020) (NBS, 2001-2020).
The GDP was calculated at the constant price of 2000. The population
was counted at the end of the year. Total urban population, total
population, GDP, and GDP index (last year = 100) were accumulated
from China Statistical Yearbook 2020 (NBS, 2020).

As shown in Table 4, the maximum amount of total CO,
emissions and the per capita CO, emissions were about three

times the minimum over the whole study period separately. The
average annual growth rate was 6.05% from 2000 to 2019, slightly
higher than the per capita CO, emissions, which were 5.49% of
the average annual growth rate. The CO, emission intensity was
4.49 tons/10* yuan in 2000, but only 2.44 tons/10* yuan in 2019,
i.e., nearly half in 20 years. The average per capita income was
20,417 yuan, and the highest was 37,000 yuan, about four times
the minimum. The value of the industrial structure decreased
from 47.56 to 38.97%, which showed that some achievements
were made, but there is still much room for improvement. The
mean of the energy structure was as high as 67.51%, but the
minimum value was 57.7%. Although it was still more than half
and was the primary energy consumption category, the gap
between the proportion of non-coal energy and coal was
narrowing. The maximum population structure was 60.6%, the
minimum was 36.22%, and the average annual growth rate was
9.8%. It seemed that China’s urbanization was developing rapidly.

4 RESULTS

4.1 EKC Model Results

Using Egs. 3-5, the EKC model was tested. We first selected the
square term for regression, if the results were significant, and then
added the cubic term for regression. Rs.(1) and Rs.(2) showed the
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TABLE 5 | Results of the EKC model.

Decoupling From Two Dimensions

Variables Rs.(1) Rs.(2) Rs.(3) Rs.(4) Rs.(5) Rs.(6)
InPGDP 9.9037*** -15.6132 9.9865*** -21.3665 8.9778* —22.2694
(InPGDP)? -0.4697*** 2.1489 -0.4770" 2.7404 -0.4766"* 2.7300
(InPGDP)® - —0.08944 — -0.1099 - -0.1095
_cons —47.3748* 35.3914 -50.0699** 51.6261 -40.8162*** 60.5366
R2 0.9920 0.9924 0.9904 0.9909 0.9665 0.9687
Turning point 10.5432 — 10.4674 - 9.4187 —
Per capita GDP 37,919 - 35,151 — 12,317 -
Note: *p < 0.1, *p < 0.05, and **p < 0.01.

TABLE 6 | Results of Tapio decoupling.

Time %ATC %APGDP Ditc State %APC Dipc State %ACI Dlci State
period

2000-2001 4.80 7.55 0.64 WD 4.07 0.54 WD -3.26 -0.43 SD
2001-2002 6.85 8.40 0.81 EC 6.16 0.73 WD -2.09 -0.25 SD
2002-2003 17.75 9.35 1.90 END 17.04 1.82 END 7.01 0.75 WD
2003-2004 15.30 9.46 1.62 END 14.62 1.55 END 4.71 0.50 WD
2004-2005 13.92 10.74 1.30 END 13.25 1.23 END 2.26 0.21 WD
2005-2006 10.44 12.09 0.86 EC 9.86 0.82 EC -2.02 -0.17 SD
2006-2007 7.09 13.64 0.52 WD 6.54 0.48 WD -6.25 -0.46 SD
2007-2008 3.56 9.09 0.39 WD 3.03 0.33 WD -5.56 -0.61 SD
2008-2009 7.81 8.86 0.88 EC 7.28 0.82 EC -1.45 -0.16 SD
2009-2010 8.40 10.10 0.83 EC 7.88 0.78 WD -2.02 -0.20 SD
20102011 9.53 9.03 1.06 EC 9.01 1.00 EC -0.02 0.00 SD
2011-2012 6.08 7.34 0.83 EC 5.56 0.76 WD -1.65 -0.22 SD
2012-2013 3.39 7.24 0.47 WD 2.88 0.40 WD -4.06 -0.56 SD
2013-2014 -0.47 6.88 -0.07 SD -0.98 -0.14 SD -7.35 -1.07 SD
2014-2015 -1.52 6.50 -0.23 SD -2.00 -0.31 SD -7.99 -1.23 SD
2015-2016 -0.77 6.27 -0.12 SD -1.36 -0.22 SD -7.13 -1.14 SD
2016-2017 0.91 6.35 0.14 WD 0.38 0.06 WD -5.64 -0.89 SD
2017-2018 2.01 6.26 0.32 WD 1.62 0.26 WD -4.44 -0.71 SD
2018-2019 2.35 5.73 0.41 WD 2.01 0.35 WD -3.54 -0.62 SD
2000-2005 65.24 43.78 1.49 END 61.29 1.40 END 12.18 0.28 WD
2005-2010 29.60 48.61 0.61 WD 27.05 0.56 WD -14.51 -0.30 SD
2010-2015 7.52 31.01 0.24 WD 5.38 0.17 WD -19.56 -0.63 SD
2015-2019 5.36 19.64 0.27 WD 4.06 0.21 WD -13.02 -0.66 SD

results of Eq. 3, Rs.(3) and Rs.(4) were for Eq. 4, and Rs.(5) and
Rs.(6) were from Eq. 5.

As can be seen from Table 5, for Rs.(1), Rs.(3), and Rs.(5), each
coefficient of the PGDP was positive, and each quadratic term
coefficient was negative at the 1% level suggesting that China’s
CO, emission and per capita GDP follow an inverted U-shape.
Meanwhile, for Rs.(2), Rs.(4), and Rs.(6), each of the coefficients
of the PGDP was negative, each square term coefficient was
positive, and each of the cubic term coefficients was negative. The
results indicated that the relationship between CO, emissions and
PGDP was an inverted N curve, but none of the coefficients was
significant. Therefore, it could be considered that the relationship
supported the EKC hypothesis, that is, CO, emissions enhanced
first and then fell down with economic development. The turning
point was 10.5432 for total CO, emissions, 10.4674 for per capita
CO, emissions, and 9.4187 for CO, emission intensity. The
corresponding PGDP was CNY 37,919, CNY 35,151, and CNY
12,317, respectively. In 2006, the per capita GDP was CNY
13,722, more significant than the turning point of CO,

emission intensity, so it was obviously found that the CO,
emission intensity absolutely decoupled from the PGDP in
2006. The per capita GDP in 2019 was CNY 37,021, which
was greater than the turning point of per capita CO,
emissions and smaller than the point of total CO, emissions.
Therefore, the per capita CO, emissions were absolute decoupling
too. However, the total CO, emissions were relative decoupling.

4.2 Tapio Decoupling Model Results
Equation 7 was used for Tapio decoupling, and the results are
revealed in Table 6. First, the decoupling index was calculated
year by year, and then the decoupling coefficient was calculated
per five years.

As shown in Table 7, the decoupling results corresponding to
different CO, emission variables were considerably different.
From 2000 to 2019, the per capita CO, emission decoupling
index rose and fell. It did not achieve decoupling except in
2013-2016. The decoupling index of total CO, emissions
showed similar results, while the CO, emission intensity

Frontiers in Energy Research | www.frontiersin.org

July 2022 | Volume 10 | Article 896529


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Han et al.

TABLE 7 | Results of the influence factors.

Variables Rs.(1) Rs.(2) Rs.(3) Rs.(4)
InPGDP 5.56215*** 0.3844 10.2552*** -6.6466*
(InPGDP)? —0.2432* 0.0254 -0.4910"* 0.3444*
InIS 1.0625** 0.8779*
INES 2.0654*** 2.5048***
InPS -0.6019 2.9108*
_cons —27.9608** -3.5249 -52.7648** 37.6761*
R2 0.9936 0.9941 0.9905 0.9968
Turning point 11.3518 10.4432

Per capita GDP 85,116 34,309

Note: *p < 0.1, *p < 0.05, and **p < 0.01.

showed strong decoupling except 2002-2005 with a state of weak
decoupling. Figure 3A shows that the earliest decoupling time
was CO, emission intensity, followed by per capita CO, emissions
and total CO, emissions. It was obviously confirmed that the
decoupling index was periodic, but the peak decoupling
coefficient gradually decreased; that is to say, the decoupling
state was periodically enhanced.

For the Five-Year Plan results, the decoupling index of the
total CO, emissions and the per capita CO, emissions was weak
decoupling except for the first five years. The decoupling for the
CO, emission intensity was weak decoupling only during the 10th
Five-Year Plan period and was strong decoupling in the rest
period. However, Figure 3B seems to show a U-shaped trend of
each variable’s decoupling index.

4.3 Regression Results Showing the
Influence Factors

As stated earlier, we used Eq. 6 to observe the effects of
influence factors. As Table 5 already exhibited no complex
N-shaped or inverted N-shaped curves, we removed the cubic
term when adding the control variables. The regression
results are exhibited in Table 7. Results (1)-(3) show the
results of a single control variable; result (4) shows all control
variables.

The industrial structure presented a significant and co-
directional influence on the per capita CO, emissions. The
inverted U-shaped curve still existed, but the turning point
was 11.3518, which changed a lot, and the corresponding per
capita income was CNY 85,116, which was more greater than
above. The per capita GDP and per capita CO, had relative
decoupling. The energy structure positively influenced the per
capita CO, emissions at the 1% level. However, the linear and
quadratic coefficients of per capita GDP were positive and were
not statistically significant. The EKC hypothesis was not valid.
Therefore, the decoupling state was indeterminate. The
population structure had a negative but non-significant
impact. However, the EKC hypothesis still existed, and the
threshold point was CNY 34,309, which was consistent with
CNY 35,151 above.

When added, all three control variables, the industrial
structure, energy structure, and population structure, all
significantly presented a positive influence on the per capita
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FIGURE 3 | Trends of decoupling index from 2000 to 2019: (A) trends
for year ; (B) trends for 5-year.

CO, emissions. While the relationship displayed a U-shaped
curve, the EKC hypothesis did not exist.

Equation 8 was used to explore the influence of factors
further. Table 8 shows the decoupling results between the
influence factors, industrial structure, energy structure, and
population structure, and per capita CO, emissions.

Table 8 indicates the impact factors’ decoupling results.
Overall, the expansive negative decoupling was mainly shown
for the industrial structure from 2000 to 2011, and strong
negative decoupling was mostly exhibited from 2011 to 2019.
The decoupling results were roughly divided into two stages for
the energy structure too. They were mostly expansive negative
decoupling in 2000-2011 and strong negative decoupling in
2011-2019. During the sample period 2000-2019, the
decoupling of the population structure was mainly expansive
negative decoupling, and the decoupling elasticity coefficient
changed little.

From the Five-Year Plan results, it can be seen the decoupling
between the industrial structure and per capita CO, emissions
manifested expansive negative decoupling only in 2000-2005 and
showed strong negative decoupling in 2006-2019. The energy
structure displayed similar results to the industrial structure.
During the first two “Five-Year Plans,” the population
structure showed expansive negative decoupling and then
turned to weak decoupling during the following two “Five-
Year Plans.” As displayed in Figure 4, the increment of CO,
emissions was positive, but the change rate strongly decreased
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TABLE 8 | Influence factors’ decoupling results.

Time APC AlIS Dlis State
period
2000-2001 4.07 -1.68 -2.50 SND
2001-2002 6.16 -0.77 -8.05 SND
2002-2003 17.04 2.64 6.46 END
2003-2004 14.62 0.61 24.04 END
2004-2005 13.25 2.45 5.42 END
2005-2006 9.86 1.14 8.67 END
2006-2007 6.54 -1.42 -4.62 SND
2007-2008 3.03 0.19 16.35 END
2008-2009 7.28 -2.16 -3.37 SND
2009-2010 7.88 1.18 6.70 END
2010-2011 9.01 0.07 138.15 END
2011-2012 5.56 -2.38 -2.34 SND
2012-2013 2.88 -2.74 -1.05 SND
2013-2014 -0.98 —2.47 0.40 WND
2014-2015 -2.00 -5.21 0.38 WND
2015-2016 -1.36 -3.09 0.44 WND
2016-2017 0.38 0.68 0.55 WD
2017-2018 1.62 -0.41 -3.93 SND
2018-2019 2.01 -2.74 -0.73 SND
2000-2005 61.29 4.98 12.32 END
2005-2010 27.05 -2.23 -12.14 SND
2010-2015 5.38 -12.22 -0.44 SND
2015-2019 4.06 -2.48 -1.64 SND
70
%APC 61.29 6129 61.29 |@ APS
60 B ®  |maces
AlS
50
40
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FIGURE 4 | Decoupling index of influence factors per five years.

from 61.29% in 2000-2005 to 4.06% in 2015-2019. Industrial and
energy structures were negative with CO, emissions, unlike the
population structure that positively impacted CO, emissions.

5 DISCUSSION AND CONCLUSION
5.1 Discussion of the EKC Results

From the EKC results shown in Section 4.1, the order for
decoupling was CO, emission intensity, per capita CO,
emissions, and total CO, emissions. This was in support of
the literature results by Wu et al. (2018) and Shuai et al.
(2018). However, a new insight was that the per capita CO,
emissions in 2019 were greater than those in 2018, i.e., AC > 0,
which is inconsistent with the result above. In other words, the
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AES Dles State APS Dlps State
-0.73 -5.58 SND 3.98 1.02 EC
0.74 8.38 END 3.80 1.62 END
2.48 6.87 END 3.68 4.62 END
0.00 +o0 END 3.03 4.82 END
3.13 4.23 END 2.95 4.50 END
0.00 +00 END 3.156 3.13 END
0.14 47.35 END 3.49 1.88 END
-1.38 -2.20 SND 2.40 1.27 END
0.14 52.09 END 2.88 2.53 END
-3.35 -2.35 SND 3.33 2.37 END
1.45 6.23 END 2.64 3.41 END
-2.42 -2.30 SND 2.54 2.19 END
-1.61 -1.80 SND 2.21 1.31 END
-2.37 0.41 WND 1.94 -0.51 SD
-3.04 0.66 WND 2.43 -0.83 SD
-2.51 0.54 WND 2.23 -0.61 SD
-2.57 -0.15 SND 2.04 0.19 WD
-2.64 -0.61 SND 1.81 0.90 EC
-2.20 -0.91 SND 1.71 1.18 EC
6.47 9.47 END 14.15 4.33 END
-4.42 -6.12 SND 12.64 2.14 END
-9.12 -0.59 SND 9.42 0.57 WD
-7.23 -0.56 SND 5.67 0.72 WD

change in per capita CO, emissions did not decrease with
economic growth. The probable reason was that other factors
impacted the relationship between CO, emissions and economic
growth. Actually, after adding the control variable of industrial
structure, the turning point has swollen significantly. The use of
fossil fuels may lead to endogeneity, which distorts EKC results
(Jin and Kim, 2020). As a result, the EKC was invalid after adding
the control variable of energy structure.

The sign of the industrial structure matched expectations. The
proportion of China’s secondary industry decreased from 47.56%
in 2006 to 38.97% in 2019, so the industrial structure positively
influenced CO, emission reduction; a similar conclusion was
found by Simbi et al. (2021), when they studied the CO, emission
patterns in Africa. However, the industrial structure led to a
severe lag of the turning point; in other words, the absolute
decoupling state could not be achieved in a short time. In the early
stage of industrialization, there was an inhibitory influence on
decoupling because of the scale effect (Wang and Su, 2019). The
advantages of industrial structure upgrading seemed to be limited
to reducing CO, emissions. Liu et al. (2021) found the tertiary
industry beginning to become a new growth point of China’s CO,
emissions, which supported our finding.

The elasticity coefficient of energy structure was positive and
significant. This showed that upgrading the energy structure
made an essential reduction effect on CO, emissions. The
elasticity coefficient of population structure was not significant
in Rs.(3) but positive and significant in Rs.(4). The influence of
the population structure was different on CO, emissions of the
economic structure and the technical structure (Liu and Han,
2021).

However, after introducing control variables, the U-shaped
curve was unexpected. From the perspective of factor endowment
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structure, the growth of population structure fueled the shift of
labor from agriculture to industry and service industry, and
population has a negative impact on CO, emissions (Roy
et al, 2017; Shahbaz et al, 2017). The energy structure has
declined, but the proportion of coal was still as high as 57.7%
in 2019. Although some studies declared that clean energy could
effectively reduce CO, emissions (Pilatowska et al, 2020;
Moutinho et al., 2018), other studies had found that the
energy structure had little contribution to CO, emissions
(Ghazali and Ali, 2019; Han and Liu, 2018; Wang and Feng,
2017). For China, the power structure was heavily dependent on
coal-fired power generation. Although the proportion of
renewable energy has increased significantly, the utilization
rate of new energy power generation is low, and the average
wind and light rejection rate is high (Liu et al.,, 2021). Isik et al.
(2019) found that renewable energy consumption was much
higher than that of fossil energy in Texas, but they did not
find the CO, emissions reduced because of the swollen
renewable energy consumption. Therefore, the inhibitory effect
of energy structure optimization temporarily cannot offset the
advancement effect of economic growth on CO, emissions. To
reduce the CO, emissions and to develop the economy, we not
only need to enhance the proportion of renewable energy and
reduce the proportion of coal but also need to make technological
breakthroughs, improve new energy power generation and
energy storage technology (Liu et al, 2021), stabilize grid
connection technology, and improve the utilization rate of
renewable energy.

5.2 Discussion of the Tapio Decoupling

Results
The periodicity of decoupling results was synchronized with the
change cycle of economic growth. In 2000, the primary industry
accounted for 14.7%. Due to the low consumption of fossil energy
by agriculture, the CO, emissions were also relatively low.
However, the output of agriculture was low; to pursue higher
economic growth, the proportion of industry increased, from
44.5% in 2002 to 47% in 2008 (NBS, 2020). According to China’s
previous strong environmental pollution absorption capacity and
the limit of science and technology development, many industrial
projects with high energy consumption and high emissions were
implemented in the climax of economic growth from 2002 to
2008. Consequently, an extensive economic growth model would
lead to a doubling of environmental pressure (Li et al., 2021).
The US subprime mortgage crisis in 2008 triggered the global
economic crisis, which affected China’s economic growth.
Subsequently, with the efforts of the government, China’s
economy recovered rapidly, triggering another wave of growth
in CO, emissions. China’s leading power’s economic
development was still a secondary industry at that time (Li
et al., 2021). Even though technology progressed, and carbon
emission intensity was declining, the positive effect of
technological progress on CO, emissions was even offset by
the negative effect of economic burgeoning growth (Wang and
Feng, 2017) Since 2012, the industrial structure adjustment has
achieved a part and positive effect in controlling CO, emissions.

Decoupling From Two Dimensions

In 2012, the output of the tertiary industry accounted for 45.5% of
GDP, surpassed that of the secondary industry for the first time,
and rose to 53.9% by 2019 (NBS, 2020). As a result, the
decoupling index gradually decreased and even reached
negative decoupling from 2013 to 2016.

However, the re-link phenomenon from 2016 to 2019 might
be caused by the low level of scientific and technological
innovation and slow structural adjustment in the high-carbon
industry (Liu, et al, 2021). The high-carbon industries were
energy-intensive industries and highly depended on fossil
energy. The emission reduction effect of industrial structure
optimization had not reached the expectation, and the impact
of technological progress and technological efficiency of the
manufacturing industry on decoupling was still relatively small
(Hang et al,, 2019). However, from the long-term trend, the peak
value of the decoupling index future will not exceed the
decoupling index in 2010-2011.

The CO, intensity had been decoupled, but the decoupled
index also increased slightly from 2016 to 2019. Although China’s
CO; intensity had decreased significantly by 40.96% from 2000 to
2019 (NBS, 2020), there is still a considerable difference between
developed and developing countries. At present, China’s carbon
intensity is 2.8 times that of the United States and Japan, 3.6 times
that of Germany, 5.5 times that of Britain, and 6 times that of
France (Mikayilov et al., 2018).

5.3 Discussion of the Influence Factors

The industrial structure greatly impacted CO, emissions from the
decoupling index of the three influencing factors. Different
industrial structures have different characteristics of carbon
dioxide emission density and energy consumption intensity
(Zhou, 2022). During the course of an industrial structure
optimization, the proportion of agriculture continues to
decline, and the proportion of industry first rises and then
falls. The proportion of the service industry continues to rise.
The emission density of the service industry is lower than that of
industry, and the economic output is higher than that of
agriculture. It can be convinced that upgrading the industrial
structure can not only reduce energy consumption (Qu and Li,
2019) but also ensure economic growth. However, the decoupling
results from 2016 to 2019 showed that the advantages of
industrial structure did not seem significant at this stage. For
this reason, on the one hand, we need to increase investment in
clean technology and vigorously develop clean technology in the
tertiary industry. On the other hand, energy-intensive industries
need to transfer to capital-intensive industries as soon as possible
to satiate the advantages of energy structural updating.

The energy structure impacted little CO, emissions, which was
distinct from the EKC conclusion. From 2000 to 2011, the
proportion of coal in energy consumption was almost
unchanged, while CO, emissions continued to proliferate.
From 2011 to 2019, the proportion of coal continued to
decline, but in Figure 4, the growth rate of carbon dioxide did
not decline much from 2010 to 2019. On the changes in CO,
emissions, energy-intensive industries mainly depended on the
impact of industrial structure and energy structure (Moreau et al.,
2018). Therefore, on the one side, our enterprises should strive to
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raise energy efficiency and innovative technologies to enhance the
utilization of renewable energy and reduce carbon dioxide
emission intensity; on the other side, it is more important for
the government to push for industrial structure transformation.

With the transfer of population structure to cities and towns,
the rapid urbanization process affected the increase in CO,
emissions (Ali et al., 2019; Abbasi et al., 2020). The proportion
of CO, emissions from residents’ life, transportation, storage, and
postal industries increased. In 2018, the CO, emissions from
these two industries accounted for 72.6% of the total emissions of
the tertiary industry (Liu et al., 2021). Wang et al. (2018) also
found that the population limits the decoupling of China and the
United States. Therefore, in the urbanization process, the
government should improve residents’ low-carbon awareness
and advocate a low-carbon lifestyle, such as reducing takeout
and reducing fuel vehicles.

5.4 Conclusions, Executive Suggestions,

and Research Direction
The purpose of our work was to compare the decoupling of China
with two different decoupling models from 2000 to 2019, mainly
to investigate the changes in the new economic growth between
2012 and 2019. Investigation using both methods found the CO,
emission intensity had decoupled since 2006, but the CO,
emissions had not decoupled. The results of the EKC model
showed that the PGDP had not spanned the turning point.
Moreover, the results of the Tapio model displayed that CO,
emissions strongly decoupled from 2013 to 2016 but retreated to
weak decoupling after 2016. In terms of influencing factors,
energy and industrial structures positively impacted CO,
emission reduction. However, the advantages were not
significant at the new stage because the decoupling situation
was weaker in 2015-2019 than in 2010-2015, and the growth of
CO, emission rebounded after 2016. The population structure
had a negative impact on CO, emissions. Then, there was a new
finding in the results of the EKC model; the EKC was not valid
after the introduction of control variables and showed a U-shape.
When the control variables were introduced one by one, only the
energy structure caused the EKC hypothesis to be invalid. After
adding the industrial structure, the turning point more than
doubled from 37,919 yuan to 85,116 yuan.

We provided the following executive suggestions along with
future research directions based on the above-drawn conclusions:

1) First, from the perspective of the decoupling trend, it is
suggested that China should strengthen and further
optimize its energy structure to match the industrial
structure. Also, at the new stage of China’s economic
development, the mismatch between the energy structure
that is heavily dominated by coal and the industrial
structure is the primary reason leading to the CO,
emission increase. Clean energy and circular economy
strategies could possibly be the main driving force for
achieving “carbon peak and carbon neutralization.” Under
clean energy, the government should encourage the energy
structure that of renewables, power to hydrogen-based. At the
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same time, research and innovation in the listed areas be
considered.

Second, the government should strengthen low-carbon
education for the public and let people change the
traditional high-carbon lifestyle into a low-carbon lifestyle.
The continuous growth of the population structure has
become the main influencing factor for CO, emission
growth in recent years. Although the expansion of the
urban population has promoted economic development,
the lifestyles of many rural people remain traditional when
they transfer to cities and towns. Publicity and guidance
should be strengthened to enhance people’s low-carbon
awareness.

Third, the government should strengthen and encourage
technological innovation and encourage the synergistic
effects of technological innovation, the industrial structure,
and the energy structure on emission reduction. In addition to
providing full support for low-carbon, energy-saving
technologies, improving energy efficiency, and replacing
coal with clean energy, China also needs to vigorously
promote carbon capture and storage technologies to reduce
carbon dioxide content in the atmosphere directly.

In addition, we need to strengthen institutional innovation, for
example, using the carbon emission market to promote the
establishment and improvement of the carbon financial
system, implementing an individual carbon credit system, and
encouraging the participation of everyone. China needs to seize
the opportunities and challenges and strive to achieve the
“carbon peak and carbon neutralization” goal as soon as possible.

2)

3)

4)

Overall, the findings of this study can be helpful for China to
take measures to manage carbon emissions. Given the data
availability, the same models can be leveraged in other nations
(Department of energy statistics, National Bureau of Statistics,
2001-2020).
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