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Abstract

As an important single source to carbon emissions, China’s power industry should bear social
responsibility for mitigating climate change. To explore what low-carbon development means for the
industry, a novel approach that combines the extended multilevel LMDI model with Tapio algorithm was
conducted to study the drivers of carbon emissions in the power industry and whether CO, emissions
from power output is out of sync with economic development, covering the period from 1996 to 2016.
Our results come to the following:

1. Carbon emissions from electricity output are characterized by increases and volatility, with an
average annual growth rate of 7.05%. The carbon emission factor of electricity, facilitating to compute
CO, data, shows a decline.

2. The positive driving factors are economic activity effect (169.53%), population scale effect (9.29%),
fuel mix structure effect (0.41%), and electricity trade effect (1.05%); the negative driving factors are
electricity intensity effect (-46.38%), power generation efficiency effect (-24.93%), and power generation
structure effect (-8.97%).

3. Weak decoupling and expansive decoupling are the main status during the research period.
The electricity intensity effect is the main force to promote the decoupling process.

4. The market-oriented reform in the power industry in 2003 has a significant effect. The generation-
side competition mechanism successfully changes the historical developmental trend of the decoupling
elastic index.
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Introduction

For economic development, all countries in the
world cannot be separated from the consumption of
fossil fuels. However, due to the pollutants produced
after the use of fossil fuels, ecological problems have
been instigated [1-2]. As stated by the Intergovernmental
Panel on Climate Change (IPCC), the anthropogenic
emissions of greenhouse gases consist of carbon
dioxide (CO,), methane (CH,), nitrous oxide (N,O),
hydrofluorocarbons (HFCs), perfluorocarbons (PFCs),
sulfur hexafluoride (SF,), hydro chlorofluorocarbons
(HCFCs), and chlorofluorocarbons (CFCs). Fossil
energy-related carbon dioxide is considered the main
contributor to the exacerbation of climate, and it also
becomes an intractable issue faced by the scientific and
political sectors [3].

Since 2007, China has become the world’s largest
emitter of carbon dioxide, surpassing the United States.
According to the latest data released by BP, in 2016,
China had discharged 9123 million tons, accounting for
27.3% of the world’s carbon emissions [4]. In fact, the
burning of fossil fuels not only results in a surge in CO,,
but also is responsible for approximately 70% of the
domestic air pollution total [5-6].

China ranks first in electricity production in the
world, and it is also the largest electric consumer.
Without a doubt, carbon emissions from China’s power
industry is a major origin in China and throughout
the world. Statistics show that in the past decade,
the emission growth from China’s power industry
accounted for 49.1% of the country’s total and 32.1%
of the world’s total [7]. After years of rapid increase,
energy-related CO, in China’s power sector has reached
more than 3671.1 Mt. If viewed as a separate country,
China’s electric power industry is presently the third
largest CO, emitter in the world [8]. Compared with
developed countries, China is still in an accelerated
stage of urbanization and industrialization. Inevitably,
China needs more energy to support this process. The
economic significance of low-carbon development
lies in a low-carbon economy that pursues low energy
consumption, low pollution, and low emissions. It
was first proposed by the British government in 2003,
the energy white paper, “The future of our energy:
creating a low-carbon economy.” As a single major
contributor, the Chinese power industry is obliged to
assist the current low-carbon development in China
and even the world. The 13" Five-Year Plan for Power
Development formulated by the Chinese government
and the electricity market reform launched in 2016 have
provided a great opportunity for the transformation of
the power industry. Given the robust development of
society, all of society would rely more on electricity
consumption. Thus, for this paper’s purposes, it is
feasible and practical to explore the driving factors of
the power industry and its low-carbon development way.

In previous research on the power industry, the
energy-related carbon indicators were central spots and

can be roughly divided into three categories: carbon
emissions, carbon intensity, and carbon productivity. For
example, Wang et al. used data from Shandong Province
to decompose the carbon emissions of the power
industry using the multilevel LMDI method. The results
showed that the energy mix effect and emission factors
effect inhibited the growth of carbon emissions, and
the power generation effect was the main reason for the
increasing CO, emissions [9]. Liu et al. decomposed the
electricity carbon intensity, and found that the increase
in thermal efficiency was the main force for decline [10].
Sun et al. applied the multi-dimensional decomposition
to analyze the carbon productivity of China’s power
sector, and explored the technical improvements and
structural adjustment contributions in terms of final
power [11]. Other literatures closely related to this
article are summarized in Table 1.

By observing the examined area, both domestic
and foreign researchers had attached importance to
carbon reduction in the power industry. We can also
obtain information about the method applied to carbon
decomposition: The LMDI, Laspeyres decomposition,
and STIRPAT methods are the mainstream methods.
However, the application of the STIRPAT method has
limitations that continuous time series data are required
to calculate the effect of various factors on carbon
emissions at a certain period, and the factor selection
has a strong subjectivity. The Logarithmic Mean
Divisia Index (LMDI) and Laspeyres decomposition
model are the more popular branches under the index
decomposition analysis method (IDA). In contrast,
Laspeyres technology cannot incorporate  with
negative values that lead to imaginary decomposition
results (caused by logarithmic operation). Another
commonly used decomposition analysis method (DA)
is the structural decomposition analysis method (SDA),
but it has a strict dependence on input-output data,
which constrains the extensive application of SDA
extremely in empirical research. Consequently, LMDI
technology is favored in the current study of carbon
emissions due to its advantages such as complete
decomposition, path independence, and no residual term
[23-24].

In fact, as early as in 1978, after a groundbreaking
study conducted by Kraft et al. [25], the relationship
between energy use and economic development has
been widely considered by researchers [26-28]. These
research results did not arrive at an unambiguous
conclusion as to different periods, research areas,
and methods. However, in the field of electric power
industry, coupling extent between electric CO, emissions
and economic development is an emerging topic and
severely deficient. Decoupling analysis becomes a key
method for studying this issue.

Decoupling refers to undoing the traditional
relationship between the two indicators. Initially, in
2000, the Organization for Economic Cooperation and
Development (OECD) used it to investigate agricultural
policies and assess environmental quality [29]. Later, the
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Table 1. Summary of the literature on carbon indicators of the power industry.

The author Period Methodology Content or subject
Xue-Ting Jiang et al [12] 1990-2014 Multilevel LMDI Decomposition of carbon emissions from electric output
: in the US
Wei Sun et al [13]. 1997-2012 Laspeyres decomposition Regional characteristics of CO, emissions from China’s
power generation
Jianguo Zhou et al [14] 1995-2014 LMDI model Decomposing of carbon emissions in china’s power
’ industry
.. . . CO, emissions from the power industry
Caiqing Zhang et al [15]. 1995-2014 | Hierarchical LMDI method in the Beijing-Tianjin-Hebei Region
Dan Yan et al [16] 1990-2013 STIRPAT model Driving factor of carbon emissions in China’s power
' sector considering the macro environment
M.Karmellos et al [17] 2000-2012 LMDI method Driving factors of CO, emissions from the power sector
: ’ in the European Union countries
A.R. Noorpoor etal [18]. | 2003-2013 STIRPAT model Using regression to explore CO, emissions
from Iran’s power sector
Paul A. Steenhof et al [19]. 1990-2008 Laspeyres decomposition Factors impacting Canadg S electricity sector’s GHG
emissions
A global analysis of carbon emission intensity
B.W. Ang et al [20]. 1990-2013 LMDI model in electricity production
B.W. Ang et al [21]. 1990-2013 LMDI model Drives of electricity carbon intensity in ASEAN
Guijing Chen et al [22] 2003-2015 LMDI method Electric carbon productivity from the perspective of
’ production and consumption in region of China

decoupling analysis was extended to the environmental
field, stemming from the drive-pressure-state-influence-
response (DPSIR) framework, which reflect the link
between the driving force and the environmental
pressure corresponding time period. Recently, Wu et al.
classified the decoupling analysis method into six types
and analyzed its advantages and disadvantages [30].
Among them, the OECD decoupling method [31-32] and
the Tapio model [33-35] are the common indicators to
quantify the correlation extent between the two variable
changes. But they differ in algorithm. Specifically, the
Tapio index is more suitable for decomposition analysis
than the OECD algorithm [36] then utilized in this
study.

From the above literature, it can be concluded that
the link between carbon emissions from the power
output and economic development has not received
enough attention, and the sample data for LMDI lagged
behind. For this reason, the LMDI method and the latest
data are performed to re-determine the forces of carbon
emissions from China’s electricity production, while
considering the impact of electricity import and export
in China for the first time. And then, the preferred
Tapio algorithm is applied to estimate the decoupling
of economic development and carbon emissions from
power output. Based on this, factors that affect the
decoupling state are quantitatively assessed in view of
the LMDI outcomes. Finally, we do the further work
— the effectiveness of the electricity market reform
policy since 2003 is evaluated, by the fitted trend in the
decoupling index.

Material and Methods
LMDI Decomposition Method

To conduct meticulous research on CO, from the
power sector, this paper will attempt to establish a
carbon emission decomposition model for China’s power
industry during the period from 1996 to 2016, which
improves the decomposition equations appropriately
proposed by Zhang et al. [37] with introducing the
power trading effect and population effect. Carbon
emissions from China’s electricity production (C) can be
expressed as:

E ELF EL EC GDP . .

C= Zc
E E “ELF EL EC GDP POP
=ZCFi><ESixGExEFSxETxELIxEAGxPOP

ey
...where C, denotes carbon emissions based on fuel type
i; E, denotes energy consumption based on fuel type i; E
denotes total energy consumption used for power output;
ELF denotes thermal power generation; EL denotes
total power generation, consisting of thermal power,
hydropower, nuclear power, wind power and so on;
GDP denotes the gross domestic product; EC denotes
total electricity consumption; and POP denotes the total
population. CF, = C/E, is the carbon emission coefficient
of fuel i; ES, = E/E is the proportion of fuel type i to total
energy consumption; GE = E/ELF is the ratio of energy
used and thermal power; EFS = ELF/EL is the share
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of thermal power generation in total power generation;
ET = EL/EC indicates the ratio of electricity production
to electricity consumption; ELI = EC/GDP is electricity
consumed per unit of GDP; and EAG = GDP/P is per
capita output value.

According to the LMDI method given by Ang that
take time factors into account, differentiating Formula
(1) with respect to time yields:

€= CF, xES, x GEx EFSx ETx ELIx EAG x POP
+3" CF xES,;x GEx EFSx ETx ELIx EAG x POP
+3" CF xES, x GEx EFSx ETx ELIx EAG x POP
+3" CF xES, x GE x EFSx ETx ELIx EAG x POP
+3" CF xES, xGE x EFSx ETx ELIx EAG x POP
+3" CF xES, xGE x EFSx ET x ELIx EAG x POP
+3" CF xES, xGE x EFSx ET x ELIx EAGx POP

+3" CF xS, xGE x EFSx ET x ELIx EAG x POP

(@)
The right side of Formula (2) can be written in the
form of growth rate:

Cg::zgcf xC, +des xC +zgge xC, +defs xC,

+det XCi +deli ><Ci +deag XCi +ngop ><Ci

©)
..where g, g, 8. 8. 8, & &, and g are the
growth rates of the carbon emission coefficient, fuel mix
structure, power generation efficiency, thermal power
share, power trade, power intensity, per capita output
and population respectively. The next step is to integrate
both sides of Formula (3) with respect to time interval
[t, T

AC=I‘TZng ><Cidt+_I.ITZ:ges ><Cidt+.[[TZ:gge xC,dt +_|.|TZ:gefs xC,dt
+J.‘T Z g, xCdt+ LTZ g, xCidt+ JTZ g, xCdt+ J.tTZ 8,0p xCidt

)

Since the carbon emission coefficient set in this paper

is a constant, the impact of the carbon emission factor is
set to zero. From baseline year t to target year T, energy-
related carbon emissions in China’s power industry
can be accurately represented by seven components: (i)
change in fuel mix effect (AC,); (ii) change in power
generation efficiency effect (AC,); (iii) change in
electricity production structure effect (AC,); (iv) change

in power trade effect (AC,); (v) change in electricity
intensity effect (AC_); (vi) change in economic activity
effect (AC,,,); and (vii) change in population size effect
(AC,,)- Additive form is shown in Formula (5):

AC=AC,+AC, +AC, +AC, +AC,; +AC,, +AC

)
Each effect on the right side of the Formula (5) can
be represented as:

AC, =Y L(C],C!)xIn(ES] /ES})
AC,, = ZIL(CiT,C;)xIn(EFST /EFS')
AC,, :IZL(CiT,c;)xln(ETT/ETI)
AC,, = ZIL(CiT,Ci‘)xIn(ELIT /ELI')
AC,, zziL(cI,c;)xm(EAGT/EAG‘)

AC,,, = > L(C!,C})xIn(POP" /POP') o

In the above formulas, L() is called the logarithmic
average function introduced by Ang to solve the Divisia
decomposition, the specific formula is listed as:

(CT =C})/(InC! =InC;)),ifCT #C;
L(C!,C})={C},ifC] =C;

0,ifC'=C!=0
1 1 1 (7)

The contribution rate of each effect is defined as:

ACes Acge A(:efs eli

+
AC AC AC AC AC AC

AC, + AC,, + ACe + AC =100%
AC

@®)
Tapio Decoupling Model

Tapio put forward the definition of the decoupling
elasticity index in a study on the transport industry
in the European Union [38]. On the basis of the Tapio
model, the corresponding variables conversion is
demonstrated as follows:

AC/C

¢(C,EAG) = ———
AEAG/EAG o)

...where &(C,EAG) stands for the decoupling elastic
index, AC for carbon emission variance from the power
sector in a certain period, and AEAG for the economic
development variation in a certain period. In order to
explore the contribution of each effect to the decoupling
degree, Formula (5) is in conjunction with Formula (9) to
obtain the decoupling indicators from the base year t to
the target year T:
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EAG
CxAEAG

=AC, +AC, +AC+AC, +AC; +AC,,, +AC, )%

£(C,EAG)=AC x
EAG
CxAEAG

AC, xEAG  AC, xEAG AC,,xEAG  AC, xEAG
CxAEAG ~ CxAEAG CxAEAG  CxAEAG
(10)
L AC, XEAG AC,,XEAG AC,, xEAG

CxAEAG CxAEAG CxAEAG
= Tes + Tee + Tees + Ter + Tey + Teag + Toop (1D

¢(C,EAG) =

In Formula (11), T, Tgpo Trpe Tep Tep Teag and

T, are impact decoupling indicators. The decoupling
elastic index & of power-generated carbon emission
and economic growth can thus be decomposed into
fuel mix decoupling elastic T,, power generation
efficiency decoupling elastic T, power generation
structure  decoupling elastic T, power trade
decoupling elastic T, electricity intensity decoupling
elastic T, |, economic activity decoupling elastic T, ,
and demographic decoupling elastic T, .. To avoid
interpreting slight changes as significant, the variation
of the elasticity value ranging from #£20% around 1
(namely 0.8<elasticity value<l.2) is still regarded as
coupling. In this way, as shown Fig. 1, eight conditions

and corresponding boundaries can be obtained.

Data Resources

Since China has never published carbon emissions
data for the power industry, those were calculated
using fossil energy consumption data provided by the

Expansive .

. Expansive
negative ling
decouplin coup

ping AC >0

: AC>0 AEAG>0
e |/
pling e>1.2

AC >0

AEAG<0 Weak decoupling

<0 AC>0
AEAG>0
0.82e20 -

AC <0

Weak  AEAG<0
negative g g>e>0

decoupling Strong decoupling
AC <0
AEAG<0 AC <0 AC<0
_ 1.22e208 AEAG<0 AEAG>0
Recessive e<0
. e>1.2
coupling
Recessive
decoupling

Fig. 1. The decoupling matrix between economic development
and carbon emissions from electricity production.

National Energy Balance in the China Energy Statistics
Yearbook. 1996 is the starting year with the latest data
for 2016 as the end point. In the energy categories cited
in this yearbook, the consumption figures of “Raw coal,”
“Cleaned coal,” “Other washed coal,” “Coke oven gas,”
“Crude oil,” “Diesel oil,” “Fuel oil,” “Refinery gas,” and
“Natural gas” are selected. The remains are ignored
due to lack of significance, such as “Blast furnace gas”
and ambiguous composition such as “Other gases.”
The annual energy consumption is listed in Table 2.
For the performance of LMDI model better, this paper
classifies all considered energy into three types: “coal
and its products,” “oil and its products,” and “gas and its
products.”

Using the average net heating value (Table 3) and
carbon emission factor published by IPCC [39] (Table
4), the carbon emissions of the Chinese power industry
can be received. This conversion method is widely
employed in current research [40-41], proved to be more
appropriate and correct. It should be noted that since
the composition of “Other washed Coal” is not known,
the mean value of “Middling” and “Peat” instead of the
net heating value of “Other washed Coal.” For the same
reason, the “Oilfield gas” and “Gasfield gas” averages
are used to calculate the “Natural Gas” net heating
value. In addition, in order to calculate the power
generation efficiency, the SCE conversion factor was
also selected.

The electricity production and consumption figures
also come from the China Energy Statistical Yearbook;
the total GDP and population are obtained from the
China Statistical Yearbook.

Results and Discussion
Energy-Related CO, of Power Output

Fig. 2 shows the carbon emissions from China’s
electricity production in 1996-2016. The time slot of
1996 to 2016 represents carbon emissions from the
power industry increasing from 1005.68Mt to 3671.1Mt,
with an average annual growth of 7.05%. In view of the
historical trends of CO, emissions, it had undergone
four stages: 1996-2000, 2000-2008, 2008-2013 and
2013-2016. From 1996 to 2000, there was no significant
ascendant trend with a growth rate of 10.92%. However,
with the entrance into the second period, the absolute
value of CO, was rising promptly, having an increasing
by 127.98%. When it came to the third stage, it took
only 6 years impressively to accumulate 1353.96 MtCO,.
Finally, the current had presented a U-shaped feature
since 2013, which experienced volatility.

In order to facilitate calculating energy-related
carbon emissions from electricity output and provide
data support for future researchers, this paper reveals
data on the carbon emission factor of electricity
generation. From Fig. 3 it can be seen that the power
carbon emission factor is generally in a declining state.
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Table 2. Annual energy consumption used for the power output in China.

Vear Raw Cleaned Other washed | Coke oven erde Die.sel Fugl Refinery Natural
coal coal coal gas oil oil oil gas gas
1996 477.34 1.05 9.69 10.70 0.68 2.53 8.89 0.24 0.77
1997 475.39 1.08 13.32 12.57 0.64 7.39 8.39 0.18 2.13
1998 479.38 1.81 13.71 12.42 0.74 2.04 9.94 0.29 1.61
1999 495.03 1.90 14.70 9.28 0.80 2.15 9.06 0.23 1.27
2000 530.00 2.06 14.05 10.69 0.85 2.28 8.14 0.25 1.52
2001 584.70 1.13 12.15 1.07 0.82 2.40 8.39 0.23 1.30
2002 672.40 1.17 12.43 1.37 0.78 2.26 9.13 0.20 1.11
2003 803.02 1.13 15.51 1.14 0.94 0.74 11.57 0.17 1.32
2004 898.68 1.57 19.37 2.51 0.18 1.24 14.29 0.30 1.90
2005 1017.09 0.86 18.68 3.74 0.41 0.82 10.69 0.43 3.01
2006 1160.38 0.64 26.62 5.64 0.23 0.73 7.96 0.35 5.76
2007 1246.63 0.26 32.29 7.95 0.16 0.66 5.66 0.38 8.07
2008 1293.12 0.31 33.09 10.40 0.09 0.65 3.48 0.36 8.20
2009 1406.13 0.17 33.37 8.84 0.04 0.44 1.93 0.51 13.42
2010 1505.07 0.05 32.31 10.55 0.04 0.40 1.24 0.74 16.18
2011 1728.67 0.53 26.59 11.86 0.11 0.39 0.61 0.72 19.78
2012 1808.48 0.58 26.25 13.28 0.11 0.36 0.43 0.67 20.44
2013 1925.34 0.56 25.88 15.28 0.10 0.36 0.47 0.60 21.87
2014 1819.46 0.32 25.47 16.62 0.09 0.26 0.36 0.65 22.89
2015 1766.44 0.32 26.43 16.96 0.12 0.22 0.31 0.50 29.16
2016 1796.36 0.00 30.30 19.31 0.13 0.29 0.31 0.56 33.24

Note: The unit of coke oven gas and natural gas is 10° cubic meters, and the unit of remaining energy is Mt.

Table 3. Average net heating value and SCE conversion factor The direct reason for this change is that the alteration of
for different energy sources. carbon emissions generated by the power output in one
Average net heating SCE conversion year is smaller than electricity produced. The indirect

Energy is the root of the direct that i duci
value factor factor reason is the root of the direct cause, that is, producing

the equivalent electricity consumes less energy than

Raw coal 20.908 GIt 0714 tSCER before. It can be further elaborated upon for improving
Cleaned 26.344 Gt 0.900 t SCE/t energy efﬁ(.:iency and the adjusting fuel mix (change
coal from intensive-carbon to low-carbon energy).
gy
Middling 8.363 GJ/t 0.286 t SCE/t
Peat 8.363-12.545 GJ/t 0.286-0.429 t SCE/t
4000 A
C"kgea‘s’ven 16.726-17.981 MJ/m? | 0.571-0.614 kg SCE/m’
Crude oil 41.816 Gt 1429 t SCE/t e
Diesel oil 42.652 Gl/t 1.457 t SCE/t s 2000
Fuel oil 41.816 GJ/t 1.429 t SCE/t s
Refinery 46.055 G/t 1,571 t SCE/t 1000 ‘Stable growthi Rapid growth Accelerated U-shape
gas bhase ' phase growth phase | phase
Oilfield gas 38.931 MJ/m? 1.330 kg SCE/m’ o i i h >
1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 016
Gasfield gas 35.544 MJ/m? 1.214 kg SCE/m?

Fig. 2. CO, emissions from the power industry in China.
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Table 4. Carbon emission factors for different energy sources.
Energy Coal Coke oven gas Crude oil Diesel oil Fuel oil Refinery gas Natural gas
CO, emission factor 94.60 44.40 73.30 74.10 77.40 57.60 56.10

Note: the unit is t/TJ and the carbon emission coefficients of raw coal, clean coal, and other clean coals are all 94.6t/TJ.

LMDI Decomposition Analysis

Aiming at observing and conducting a further
study, the LMDI algorithm was performed annual
decomposition and interval decomposition of CO, from
Chinese power generation in the study interval. Then
based on the results obtained, those drivers are analyzed
one by one concretely. The annual decomposition results
are shown in Tables 5 and 6. The interval decomposition
results are shown in Fig. 4.

From the implemented results, we can see that the
changes are connected with seven factors brought by
LMDI. On the whole, the contribution of each driver
varies. During the examined period, positive effects
appear: economic activity effects, population effects and
fuel mix effects. There are also negative drivers: power

1,2

1031051051031 g5

0,96
0,93 0,94 0,92 0,91 0,94 0,92
0,8 0,86
0,840,83

0,6

Fig. 3. Carbon emissions factors of power production during the
study (the unit is kg/kWh).

generation efficiency effect, power generation structure
effect, and electricity intensity effect.

Table 5. The annual LMDI decomposition of electricity CO, emissions (contribution).

Year AC, AC,, AC,, AC, AC,, AC,, AC, AC
1996-1997 -4.82 -27.99 135 9.75 -61.03 98.67 10.20 26.13
1997-1998 3.38 -38.34 -5.30 12.01 -37.99 53.70 9.34 321
1998-1999 1.28 -58.20 17.64 13.04 -5.16 57.82 8.46 34.89
1999-2000 0.87 -26.86 -2.06 14.42 -13.38 103.20 8.19 84.38
2000-2001 0.89 23.97 -39.22 13.86 -10.81 106.04 8.09 102.81
2001-2002 137 17.73 12.77 13.30 18.46 118.36 8.38 190.36
2002-2003 0.94 -1.14 45.86 12.75 29.49 181.09 9.11 278.10
2003-2004 -121 -16.96 -26.09 11.74 -41.14 282.72 10.30 21937
2004-2005 2.83 -36.76 9.39 10.42 -29.53 267.23 11.59 235.17
2005-2006 0.40 -36.04 21.66 10.92 -59.89 35137 11.72 300.15
2006-2007 -0.26 -165.22 8.57 13.71 -190.47 508.56 12.68 187.58
2007-2008 2.17 24.49 -79.09 17.72 -302.71 430.32 13.14 106.04
2008-2009 -4.44 47.33 -6.15 18.56 -30.18 207.79 13.35 246.26
2009-2010 -1.85 -124.50 -40.83 18.77 -122.08 47555 14.17 21923
2010-2011 -0.71 -14.09 87.57 19.69 -164.89 522.77 15.69 466.04
2011-2012 0.72 104.62 -147.98 17.96 -176.20 362.97 17.74 179.82
20122013 0.01 -92.91 6.75 16.43 -20.50 324.88 18.59 253.25
2013-2014 -3.06 -222.03 -129.91 15.43 -184.50 31431 19.74 -190.02
2014-2015 -9.51 -94.25 -91.63 15.12 -123.86 210.02 18.07 -76.04
2015-2016 -4.95 -47.85 -71.96 15.44 -78.91 257.28 21.33 90.36

Note: the unit is Mt.
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Table 6. The annual LMDI decomposition of electricity CO, emissions (contribution rate).

Year AC, AC, AC,, AC, AC,, AC,, AC,, Summary
1996-1997 -18.45 -107.12 5.15 37.30 -233.58 377.67 39.02 100.00
1997-1998 -105.34 1195.46 165.18 -374.38 1184.55 -1674.31 -291.16 100.00
1998-1999 3.68 -166.82 50.56 37.39 -14.79 165.74 24.25 100.00
1999-2000 1.03 -31.83 -2.44 17.09 -15.86 122.30 9.71 100.00
2000-2001 0.87 23.31 -38.15 13.48 -10.52 103.13 7.87 100.00
2001-2002 0.72 9.31 6.71 6.99 9.69 62.18 4.40 100.00
2002-2003 0.34 -0.41 16.49 4.58 10.60 65.11 3.28 100.00
2003-2004 -0.55 -1.73 -11.89 5.35 -18.75 128.88 4.69 100.00
2004-2005 1.20 -15.63 3.99 4.43 -12.56 113.63 4.93 100.00
2005-2006 0.13 -12.01 7.22 3.64 -19.95 117.07 3.91 100.00
2006-2007 -0.14 -88.08 4.57 7.31 -101.54 271.11 6.76 100.00
2007-2008 2.04 23.09 -74.58 16.71 -285.46 405.81 12.39 100.00
2008-2009 -1.80 19.22 -2.50 7.54 -12.26 84.38 5.42 100.00
2009-2010 -0.85 -56.79 -18.62 8.56 -55.69 216.92 6.46 100.00
2010-2011 -0.15 -3.02 18.79 422 -35.38 112.17 3.37 100.00
2011-2012 0.40 58.18 -82.29 9.99 -97.99 201.85 9.87 100.00
2012-2013 0.00 -36.69 2.67 6.49 -8.10 128.28 7.34 100.00
2013-2014 1.61 116.85 68.37 -8.12 97.09 -165.41 -10.39 100.00
2014-2015 12.50 123.94 120.50 -19.88 162.89 -276.18 -23.76 100.00
2015-2016 -5.48 -52.95 -79.64 17.08 -87.33 284.71 23.60 100.00

Note: the unit is %.
Fuel Mix Effect the changing trend of energy consumption and the shift

The fuel mix effect cumulatively contributed
28.08 Mt of carbon emissions within the timeframe of
1996-2016, accounting for 1.15% of the total change. In
light of the annual decomposition results, the fuel mix
effect is in a fluctuating state, but the effect value in
the past three years is negative. This may be related to

6000

4528,13
4000
2000
28,08 11.00 248,13
o = - - - '
ES GE EFS ET EU EAG POP
-2000 -666,01  -239,60 -1238,74

Fig. 4. Electricity carbon emissions LM DI decomposition results
in 1996-2016 (unit: Mt).

toward cleaner fuel resources. A detailed and classified
energy use structure is displayed in Fig. 5.

Replacing partial coal and oil with natural gas: The
proportion of natural gas used has ramped up year by
year, from 0.27% in 1996 to 3.13% in 2016; in contrast,
the percentage of coal and oil and their products is
falling. Under the background of the shortage of oil
resources in China, the oil consumed units are shifting
to coal-fired units and gas-fired units. Combusted coal
and natural gas and their products in absolute value had
to step up in order to maintain a sufficient supply of
electricity, especially after 2008.

The dominance of coal and its products: despite
being influenced by national policies, coal cleanliness
is advocated and cleaner energy is instead of coal to a
certain extent. However, due to resource endowment,
coal and its accessories have always dominated fuel for
power generation. Although its proportion fluctuates,
the value never falls below 90%. This explains that the
fuel mix effect yearly during the study is not stable, but
it is a positive driver in the overall time. In addition,
advisably, the increasing natural gas usage and the
booming development of gas-fired power generation
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Fig. 5. The specific and classified energy use structure in the power sector.

provide the possibility for reducing carbon emissions in
the power industry in the future.

Power Generation Efficiency Effect

Power generation efficiency is deemed as the ratio
of energy consumption to power generation, also called
energy conversion efficiency. The accumulated effect
in period-wise is a decrease of 666.01 Mt — the total
effect of -24.93%. From a yearly perspective, apart from
the interval time affected by economic activity, power
generation efficiency is the suppressing driver in carbon
emissions from the power industry. The change of
thermal power generation efficiency can be attributed to
two aspects: technology and management [7].

Technical improvement: In the short term, there
is little correlation between electricity production
and technology levels. However, from long-term
consideration, the future construction of the power
industry will definitely tend to apply energy-saving
technologies, accompanied by the more efficient
transition such as integrated gasification combined
cycle (IGCC) and combined cooling heating and power
(CCHP). Undoubtedly, the application of emerging
technologies will reduce the energy-consumed level
of unit power generation, which in turn push more
electricity in equal resources.

800
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B Thermal Power

2000 2002 2004 2006 2008
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B Nuclear Power

Management improvements: with the normalization
of the power market environment, particularly
competitive  electricity price  bidding, response
mechanisms between a change in power consumption
and the change in power generation efficiency can be
established. When electricity demand declines, the
dispatch department would be intend to give prioritized
share of generation to power plants with higher
efficiency to reduce costs, because the power demand
can be met even with shutting down old inefficient
plants. Therefore, during the period of the 12" Five-
Year Plan (2011-2015), the closure number of small
thermal power units with high pollution and high
consumption reached 2800 kW under a necessary
precondition of sufficient power. In such a case, the
power generation efficiency of the total industry is
improved.

Electricity Production Structure Effect

Our results reveal that electricity production
structure effect provides an impetus to cutting carbon
emissions and its contribution degree is -8.97% in
1996-2016. From the annual decomposition results,
the power generation structure effects can be roughly
divided into two phases: 1996-2011, 2011-2016. The
specific electricity generated from thermal power,

2010

M Others

2012 2014 2016

® Wind Power

Fig. 6. Power generation in absolute value (unit: Mt) and relative value.
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hydropower, nuclear power, wind power and other (solar
energy, biomass, etc.) is shown in Fig. 6.

The first period: The power generation structure
effect is disordered in 1996-2011. Sometimes the effect
is regarded as a factor that stimulates the increase
of carbon emissions and as a restraining driver in
remaining times. This indicates that the quantitative
relationship between thermal power generation and
other non-fossil energy generation is unstable, although
total power generation is rising during this period
(Fig. 6), which caused a sudden change in the effect.

The second period: The interval time of
2011-2016 includes the 12" Five-Year Plan and the
first year of the 13" Five-Year Plan. The fuel mix
effect during this period is an inhibiting factor for
carbon emissions except for 2012-2013. During the 12
Five-Year Plan period, the Chinese government
promulgated a series of drastic policies to optimize
power structure such as the “Emission standard of air
pollutants for thermal power plants 2011” and “Notice
of the State Council on printing and distributing air
pollution control action plan 2013,” which effectively
support the development of non-fossil fuel generation
and adjust the proportion of thermal power generation.

However, the positive effect (AC,) in 2012-2013
can be explained by unusual changes in non-thermal
power generation. In 2011, a magnitude 9.0 earthquake
caused a serious leakage of radioactive materials at
the Fukushima nuclear power plant, raising concerns
about nuclear safety in China. For security reasons, the
Chinese government suspended the approval of new
nuclear power projects and conducted a comprehensive
inspection for all nuclear power plants in operation
and under construction. These policies hindered
the development of nuclear power [42]. In addition,
drought attacked a partial region in China, causing the
hydropower output to be less than expectations and
abnormal fossil energy consumption in the thermal
power industry.

Electricity Trade Effect

Whether it is the annual decomposition result or
the interval decomposition result, the effect (AC,) is
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always positive, having a total contribution of 11 Mt.
The variation on the proportion of electricity production
and electricity consumption bring about power trade
effects. The reason for the unequal power production
and consumption is the electric import and export
between countries, that is, the regional diversion of
power. When the power import is greater than the
power export, power consumption is more than power
production; conversely, power consumption is less than
production. Electricity production has always been
greater than consumption, hence the ratio of electricity
generation to power consumption has remained above
1.0.

As illustrated in Fig. 7, China’s electricity imports
and exports were both in a fluctuating increase
over the period of 1996 to 2016. Compared by
imported power, export had a dramatic increase from
359 million kWh in 1996 to 127.2 million kWh
in 2016. For a country dominated by fossil fuel like
China, more electricity exports would mean greater
local emissions, overshadowing the positive effects
of power importing. Therefore, the viewpoint of this
article is similar to the previous literature. Countries
can turn to more imported power appropriately,
helping implement national decarburization strategy
in a cost-effective manner [43]. However, from
a global perspective, global reductions engaged in
power industry only are possible if the emission
intensity of the exporting country is less than the
importing country.

Electricity Intensity Effect

Power intensity effect plays the most important
role in controlling the increase in carbon emissions,
which is in line with previous research [14-15].
The accumulated effect (AC)) displaced 1238.74Mt
CO, from China’s atmosphere with a contribution
rate of -46.38%. The electricity intensity is defined
as the consumed electricity per unit of GDP. The
specific changes are shown in Fig. 8. Obviously, the
curve of the power intensity decreases on the whole
but can be roughly divided into two period: 1996-2003,
2003-2016.

0___-llllllllllllllll

=—tr— |mportand export balance

Fig. 7. Comparison of China’s import electricity and export electricity.
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Fig. 8. The trajectory of electricity intensity.

In the first phase, the change in power intensity
seems to appear in a cyclic pattern showing a U-shaped
curve. It is suggested that there is a lag between a
reduction in GDP growth and a corresponding reduction
in electricity production [37]. The second phase is
characterized by continuous decline, which is divided
into the rapid decline phase of 2003-2008 and the slow
decline phase of 2008-2016. The drop in electricity
intensity means the extension of higher efficiency,
and its inhibition manifests in the application of new
technologies, new equipment and new management
concepts. As the most significant carbon reduction
factor, it can be expected that in the future inhibitory
action of the electricity intensity effect will exist
continuously, but it may decline to a certain extent
due to technical bottlenecks and the difficulties in the
implementation of management measures.

Economic Activity Effect

Our research conveys a message that the economic
activity effect is the main promoter to carbon emissions
in the power industry whether it is the interval
decomposition or the annual decomposition. The
accumulated effect is an increase of 4528.13 Mt, which
accounts for 169.53% of the total change. There is a
stable equilibrium link between economic development
and power consumption. Economic activity depends
on the strong support of electricity consumption that
determines the production of electricity conversely.
From the perspective of development, China’s
industrialization and wurbanization process requires
a large amount of electricity as a driving force,
and has been proven to have a great impact on the
carbon emissions performance of the power industry
[16].

Observing the contribution value of the annual
economic activity effect, it is positive but not always
rising. Due to the broken Asian financial crisis in 1997
and the global financial crisis in 2008, the dynamic
economic activities were slightly affected. The
contribution of economic activity effect had decreased
after 1997-1999, 2008-2009. Despite this, carbon
emissions from the power industry have not declined.
Table 6 sends the message that power generation

efficiency effect was changed from promotion to
suppression. On the basis of China’s power generation
dispatching, hydropower and nuclear power have
priority to access the power grid. While economic
activity is weakening, thermal power utilization hours
continue to decline, resulting in a significant reduction
in energy system efficiency and a waste of resources.

After 2012, owing to a major change in domestic
and overseas environments, the Chinese economy has
entered a “new normal,” slowing the pace and shifting
from high-speed growth to medium-high speed growth.
Hence, the contribution after 2012 is going down. In this
moment, economic activity still plays a dominant role.
Control vigor over the power industry policy by state is
undiminished and focuses on the allocation of resources.
The effects of fuel mix, power generation efficiency,
power generation structure and power intensity are all
in a suppressed state, alleviating the rising trajectory of
CO, to a large extent.

Population Size Effect

The population size effect is the second largest
positive driver of carbon emissions, besides economic
activity effect. It contributed 248.13Mt CO, from
interval decomposition outcome. First of all, with the
improvement of the living standards for residents,
the demand for electricity has been stimulated and
electrification has popularized the use of household
appliances, which make the average electricity
consumption for residents increase from 87 kWh in
1996 to 443 kWh in 2016. Second, other consumer
behaviors except for electricity consumption which
increase the requirement of daily necessities, indirectly
motivate the electricity demand of the manufacturing
industry. In addition, China is a populous country, and
the large base makes the growth rate only about 1%, but
the average growth rate of electricity consumption is
as high as 9.3%. It can be predicted that the universal
two-child policy would further encourage the ascent in
population scale effect.

Analysis of Decoupling Elastic Indicators
Impact Indicator Analysis

In order to conduct further research and analysis
on the decoupling status between economic activity
and CO, from power output, after the decomposition,
we came to the field of Tapio model. Explaining the
causes of the decoupling status in detail can benefit
from the combination of Tapio algorithm with the LM DI
model. Table 7 shows the decoupling elasticity value
and corresponding decoupling status, and the influence
of drivers in different directions on the decoupling
process from 1996 to 2016. The final results listed in
Table 7 expound that weak decoupling and expansive
decoupling are common conditions, that is, economic
development spurs CO, engaged in power generation.
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Table 7. Annual results of &(C, EAG), decoupling status and its factors.

Year Ty Tee Trrs T, T, T, Toop ¢(C, EAG) Decoupling states
1997 -0.05 -0.29 0.01 0.10 -0.64 1.04 0.11 0.28 Weak decoupling
1998 0.06 -0.73 -0.10 0.23 -0.73 1.03 0.18 -0.06 Strong decoupling
1999 0.02 -1.02 0.31 0.23 -0.09 1.02 0.15 0.61 Weak decoupling
2000 0.01 -0.26 -0.02 0.14 -0.13 1.02 0.08 0.83 Expansive negative decoupling
2001 0.01 0.23 -0.37 0.13 -0.10 1.00 0.08 0.97 Expansive negative decoupling
2002 0.01 0.15 0.11 0.11 0.15 0.98 0.07 1.57 Expansive negative decoupling
2003 0.01 -0.01 0.25 0.07 0.16 0.97 0.05 1.49 Expansive negative decoupling
2004 0.00 -0.06 -0.09 0.04 -0.15 1.02 0.04 0.79 Weak decoupling
2005 0.01 -0.14 0.04 0.04 -0.11 1.01 0.04 0.89 Expansive negative decoupling
2006 0.00 -0.10 0.06 0.03 -0.17 1.01 0.03 0.87 Expansive negative decoupling
2007 0.00 -0.35 0.02 0.03 -0.40 1.07 0.03 0.39 Weak decoupling
2008 0.01 0.06 -0.20 0.04 -0.75 1.07 0.03 0.26 Weak decoupling
2009 -0.02 0.23 -0.03 0.09 -0.14 1.00 0.06 1.18 Expansive negative decoupling
2010 0.00 -0.27 -0.09 0.04 -0.27 1.05 0.03 0.48 Weak decoupling
2011 0.00 -0.03 0.17 0.04 -0.32 1.01 0.03 0.90 Expansive negative decoupling
2012 0.00 0.30 -0.42 0.05 -0.50 1.03 0.05 0.51 Weak decoupling
2013 0.00 -0.29 0.02 0.05 -0.06 1.01 0.06 0.79 Weak decoupling
2014 -0.01 -0.76 -0.44 0.05 -0.63 1.07 0.07 -0.65 Strong decoupling
2015 -0.05 -0.47 -0.45 0.08 -0.61 1.04 0.09 -0.38 Strong decoupling
2016 -0.02 -0.19 -0.29 0.06 -0.31 1.03 0.09 0.36 Weak decoupling

Strong decoupling states have only appeared in 1998,
2014 and 2015.

According to Formula (11), the decoupling elasticity
value is quantitatively decomposed into T, T, Tppe
Top Ty Tiag @and T, to evaluate the critical factors
affecting the decoupling state. The data in Table 7
deliver a message that the power generation efficiency
effect, electricity generation structure effect, and
electricity intensity effect play a positive role in the
uncoupling process, but they are not immutable during
the examined period as seen in annual decomposed
outcomes. Contrasted with the effect of power generation
efficiency and electricity generation structure, electric
energy intensity effect performs quit distinguished
in reducing carbon emissions, especially to strong
decoupling in 1998, 2014, and 2015. Like decomposition
analysis, this phenomenon may be attributed to the
improved efficiency of the entire power industry and
the support of national policies, which is crucial for the
achievement of powerful decoupling targets.

Trend Analysis
In early 2003, China implemented a market-oriented

reform to the power industry and formulated a reform
policy of “separation of plant and grid, price bidding

for use of grid.” The main content of this reform is
that it introduced competitive mechanisms between
power plants aiming to improve their generating
efficiencies. Before the reform, all elements of power
industry in China (power generation, transmission and
distribution) were “vertically integrated” [44]. After the
reform, the vertically integrated management system
was abolished, and all power plants were given equal
rights to access the power grid through competition.
Furthermore, renewable energies, especially wind power
and photovoltaic power, were developed in the following
years in order to reduce the share of fossil energy
consumption [45]. As a consequence, 2003 was set as
the time demarcation line to explore the effectiveness
of electric reform to the decoupling tend of carbon
emissions and economic development.

In order to demonstrate the development trend of
the ¢(C, EAG) before and after the electric reform, the
ordinary least-squares method is used to obtain the two-
stage linear equations:

€(C,EAG)=-519.89+0.26x x<[1996,2003]
12)
€(C,EAG)=150.54—-0.075x  x<€[2004,2016]

(13)
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Fig. 9. Classification, fitting results of &(C, EAG).

The distribution, classification and linear fitting
results of ¢(C, EAG) before and after the electric reform
are displayed in Fig. 9 in order to analyze the current
of decoupling extent. As presented in Fig. 9, the curve
before the reform shows an upward trend, while the
fitted curve after the reform is in a slightly downward
trend. Therefore, market-oriented reforms in 2003 have
changed the developmental trend of the decoupling
power carbon emissions from economic development,
and proved the correctness about the introduction of
generation-side competition mechanisms. Shang et al.
analyzed the link between CO, from the power industry
and total carbon emissions before and after the reform
in 2003, and also reached the same conclusion, namely
that competition among power plants is effective [46].

In 2016, China opened up the power supply-side
market, a promising reform, to further advance the
process of decoupling energy-related carbon emissions
from economic development. Considering that the
power sector is the single most important carbon emitter
for the country, a future trend may help realize the
commitment that China would reach its carbon emission
peak by 2030 [30].

Conclusions
Major Conclusions

The electric power industry, as a major emitter in
China and even in the world, needs to be given priority
by policy makers. In order to identify whether power
industry in China is on the way of transforming to a
low-carbon development, the following work has been
done:

First, we conducted our analysis on the basis of
the historical trajectory of energy-related CO, from
electricity output. Second, we used the LMDI method
with outstanding advantages to obtain the annual and
interval drivers. Third, we employed a novel decoupling

elastic index as a means to probe the link between
the carbon emissions caused by electrical output and
economic development. Furthermore, we did the work
that decoupling eclastic index was decomposed into
seven indicators based on the LMDI approach. Finally,
we explored the decoupling trend before and after the
electric market reform. We came to the conclusions as
follows:

(1) Growth and volatility are the key features of the
aggregate carbon emissions in the power industry,
which was divided into 1996-2000 (stable growth
phase), 2000-2008 (rapid growth state), 2008-2013
(accelerated growth phase), and 2013-2016 (U-shape
phase). The ever-declining carbon emission factor of
electricity production indicates that the power sector
has made gradual progress in reducing emissions.

(2) The interval decomposition results reflect the
comprehensive condition. The positive driving
factors are economic activity effect (169.53%),
population scale effect (9.29%), fuel mix structure
effect (0.41%), and electricity trade effect (1.05%);
the negative driving factors are electricity intensity
effect (-46.38%), power generation efficiency effect
(-24.93%), and power generation structure effect
(-8.97%). The annual decomposition demonstrates
that economic activity, population size, and power
trade always promote the increase of carbon
emissions, and the remains were not immutable.
The electricity intensity effect proved to be the
overwhelming contributor to suppressing CO,
emission increases. Technological progress still
exists.

(3) In light of the decoupling elastic index, weak
decoupling and expansive decoupling are the main
characteristic states during our study period. Strong
decoupling only occurred in 1998, 2014, and 2015,
indicating that carbon reduction efforts are more
powerful. Electricity intensity effect is the main
force to promote the decoupling process.

(4) The market-oriented reforms in 2003 led the
developmental trend of the decoupling elastic index
from upward to downward. As expected, the current
development direction of the decoupling index is a
strong decoupling.

Policy Implications

Based on the above empirical findings, we give
corresponding recommendations to make efforts for
promoting a low-carbon process.

(1) Technological progress is a precursor to the low-
carbon development for China’s power industry.

Due to resource endowments and historical
development in China, coal is the foundation of power
generation sources. Therefore, clean coal technology
is one of the major technologies for solving
environmental problems such as the ultrasupercritical
(USC) units and the circulating fluidized bed (CFB),
which should be promoted to construct thermal power
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plants or upgrade power equipment in the future.
Moreover, the power supply must be diversified. By
increasing the share of wind power, solar resources,
and hydropower and biomass energy, clean renewable
energy can be accelerated to utilize the premise of
ensuring safety. The next step is to strengthen the
acceptance and absorption of non-thermal power during
grid construction.

The smart grid is a necessary technology for
achieving win-win between the power supply-side and
the private user. It establishes an interactive platform
to communicate with each other, further realizing
demand side management. Based on this, smart grids
can select high-quality power for consumers based on
their needs and available electrical energy information.
Additionally, the smart grid offers efficient power
management to avoid transmission and distribution
losses as much as possible. In brief, the smart grid
is a promising measure to further minimize carbon
emissions from electricity.

(2) Policy support is the basic guarantee for the low-
carbon transition in China’s power industry.

The management role for government is
indispensable in the power sector. The empirical
analysis has proved that the competition mechanism
on the power generation-side has successfully changed
the direction of the developmental decoupling index
while the reform in 2016 about the power supply-side
proposed by the government is still in progress. The
market-oriented reform in electricity industry ought to
persist, and more and more market players should be
encouraged to participate in competition for electricity
sales.

In addition, the annual effect of the power generation
structure is unstable due to fluctuations in the proportion
of thermal power generation. Hence, the government
should strengthen more strict supervision and guidance
on investment in the construction of thermal power
plants.

(3) Guiding residents to a low-carbon lifestyle is also an
effective means.

Due to the aging population, carbon emissions
cannot be suppressed by strictly controlling population
growth. Therefore, it is a good choice to guide residents
on low-carbon life, such as encouraging low-carbon
travel by public transport or shared bicycles. Moreover,
in the process of urbanization, special attention should
focus on the electricity load changes caused by rural
populations transferring to cities, as well as the medium/
long-term forecasts.
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