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In north China, many rural and urban residents still use coal for heating in winter. However, such method would
result in a large amount of GHG emissions. China intends to change the heating method of its citizens from coal
burning to electric heating to save energy, reduce emissions, which is called the project of Coal to Electricity (CtE).
A dynamic recursive computable general equilibrium model is applied to analyze the real effect if the project is
widely promoted in China. We found that CtE project is effective in reducing SO, and NO, emission than CO,
emissions. In essence, energy substitution is not energy-saving, so the contribution to CO, reduction of CtE pro-
ject is limited. There is a certain co-benefit between CtE project and other energy saving policies (new energy
generation, improving heating efficiency and building energy saving etc.). The findings indicate that single CtE
policy can only bring better air quality. However, with other energy saving policies, CtE project can not only
bring NOy and SO, reduction, but also lead to less CO, emissions and more convenient life. Multiple emission re-
duction measures are suggested to maximize the reduction effects of these policies.
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1. Introduction

Since the industrial revolution, human activities have led to a great
deal of Greenhouse Gas (GHG) emissions, which caused global
warming. The problem of air pollution is also emerging in recent
years, such as SO,, NOy emission, which is harmful to human health.
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Fossil burning with uncleanness and excessive energy consumption
may be the greatest contributors to global warming and environmental
deterioration. In order to solve this problem, many scholars have made
many efforts on low carbon business (Lin and Xie, 2014; Liu et al., 2017).
They have been working on methods for sustainable development. Two
aspects are noted: low-carbon policy and low carbon technology. Coun-
tries and organizations have made variety of attempts to mitigate the
global warming, such as carbon tax (Tsai and Jhong, 2019; Wang-
Helmreich and Kreibich, 2019), land carbon sinks (Gallego-Sala et al.,
2018) (forest carbon sinks (Lin and Ge, 2019) etc.), green electricity cer-
tificate trading system (Suo et al., 2017), clean development mechanism
(Kim and Park, 2018; Mori-Clement and Bednar-Friedl, 2019), and
emission trading scheme (Chang et al., 2018; Lin and Jia, 2019a; Zhu
et al,, 2018) with clean development mechanism. Energy is one of the
essential production factors, so the corresponding technologies of en-
ergy efficiency and energy structure are also hot research topics: the im-
provement of energy efficiency (Lin et al., 2017), grid energy storage
(Zhang et al., 2019), electric vehicle (Cusenza et al., 2019; Machura
and Li, 2019), new power generation technologies (Lin and Chen,
2018; Sun et al., 2018; Zeng et al., 2019) and carbon capture and storage
(Lausselet et al., 2017) are now relatively hot technologies for emission
reduction.

Among them, energy substitution, such as coal to electricity and coal
to gas, is also a kind of energy-saving, emission-reducing and
environment-friendly solution for the continuous deteriorating envi-
ronment and the ever-warning planet. Aguilera and Ripple (2013) ana-
lyzed the mixture of primary energy in the Asia-Pacific by using a global
energy market model. Levold Redseth (2017) analyzed the substitution
of coal-to-gas in US power generation sector and found that the absence
of environmental regulations causes ignorance of compliance costs and
managerial allocative efficiencies are overestimated. Jenner and
Lamadrid (2013) insisted that public health, environment quality,
water consumption will be improved by a shift from coal to shale gas.
Wigley (2011) found that gas may be more effective energy in the per-
spective of heating. Hartmann and Kaltschmitt (1999) analyzed the en-
vironment impact of electricity production from different biofuels co-
combustion relative to electricity production from coal alone, and
found that the former can be made to a more environmentally sound
than the latter. Davidson et al. (2016) predicted the potential wind
power energy and integrated the prediction into China's electricity
structure model, estimating a potential production of 2.6 petawatt-
hours per year in 2030 for future's wind energy substitution. In general,
energy substitution is hot topic in the field of energy policy and energy
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economics, such as coal to gas (Lim et al,, 2017; Yang et al., 2017), coal to
biomass (Weldu et al., 2017), car use between oil vehicle and electric
one (Blasius and Wang, 2018; Du and Lin, 2017; Lin and Wu, 2018) etc.

According to BP Statistical Review of World Energy 2017 (BP, 2017),
although the energy structure is continually improving, coal consump-
tion is still the largest in energy consumption in China, which accounted
for 62% of the total primary energy consumption. The Chinese govern-
ment is keen to change the status of coal-based energy consumption.
It is an effective way to developing the alternative energy for coal. In-
creasing the end use of natural gas or electricity may be good ways for
sustainability.

Fig. 1 illustrates the Energy consumption in 2016. China is the largest
emitter of the world, accounted for 23% energy consumption according
to the BP Statistical Review of World Energy 2017. In addition, 11% of total
energy consumption in China is resident energy consumption, which
accounts for 3% of the world total energy consumption in 2016
(National Bureau of Statistics, 2016), indicating that the energy con-
sumption of residents in China is tremendous. Although energy con-
sumption per capita in China is lower than the consumption in most
developed countries, the policy on huge, population-based consump-
tion will affect total energy consumption significantly, whether it is
more energy-saving or more energy-consuming. Therefore, the study
on residents' energy consumption in China is necessary.

In China, many rural and urban residents still use coal for heating in
winter. However, such warming method may waste lots of energy and
may result in a large amount of GHG emissions. Therefore, China intends
to change people's heating method from coal burning to electricity
heating, which is called the project of Coal to Electricity (CtE). CtE pro-
ject means that residents' heating methods have changed from burning
coal to using electric energy to keep house warm. There are two main
types, one is to replace the ordinary coal boiler with an electric boiler;
the second is to replace the heating facilities such as electric heating
film heater or heating cable. This is a huge project, which could change
people’s living standard (more convenient, less smog, and less labor
input). In order to reduce coal pollution and improve air quality in win-
ter, many cities in northern China began to promote CtE project from
2014. CtE project was first deployed in Beijing, but the promotion in
other cities is relatively lagging behind.

Based on the aforementioned review and information gathered by
the researcher, it is evident that less work has been done on the impact
of CtE project as the project has just appeared in China. Only two studies
exists. Zhang and Yang (2019) found that CtE project carried out by Grid
Company has poor economic performance during its life cycle. Chen and

® China - Resident consumption
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Fig. 1. Energy consumption in 2016.
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Fig. 2. General framework of the CGE model.
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Chen (2019) found that CtE project could reduce NOy and SO, emis-
sions, as well as PM2.5. However, none osf them tried to address the
knowledge gap to explore the energy, environmental and economic im-
pact of CtE project. In thie regard, the paper seeks to answer the ques-
tions: is CtE project effective? Is CtE project energy-savings? Can CtE
project reduce CO,, SO, and NO, emissions?

The contributions of this paper are as follows:

1) Topic: this paper explores the energy, environmental and economic
impact of CtE project based on different scenarios, as almost none of
the relevant literature has studied on this issue. Analyzing the effects
of CtE project provides some implications to the energy policy in
coal-based areas, such as China, India, South Africa, Poland, and
Kazakhstan etc.
Methodology: this paper constructs a dynamic CGE model to analyze
the issue. This will serve a reference for CGE modelers, and can be
utilized to analyze the impact of energy substitution.
3) Findings and policy implications: this paper provides some interest-
ing findings in CO,, SO, and NOy reduction and proposes several spe-
cific implications for coal-based countries.

N
—

The remaining part of the study is as follows: Section 2 introduces
Computable General Equilibrium (CGE) model, Social Accounting Ma-
trix (SAM) and model dynamics. Section 3 presents scenario design.
The simulation results and discussions are in Section 4. Section 5 pre-
sents the conclusions and proposed policy implications of the study.

2. Methodology
2.1. CGE model

The CGE model is a policy analyzing tool which has been widely used
(Cao et al,, 2019; Su et al., 2019; Wang et al,, 2019; Wei et al., 2019;
Weng et al., 2019), CGE is good at simulating different policy, such as
energy tax (Peng et al., 2019), tax reform (Wang et al., 2019), emission
trading (Ma and Song, 2019) and policies under different target
(Bohlmann et al.,, 2019; Nong et al.,, 2019; Qi et al., 2018). The purpose
of CGE analysis is to describe the behavior the relationship of four social
subjects, such as households, industries, government, and the rest of the
world (Mayer et al., 2019). This model consists of five blocks: produc-
tion block, income-expenditure block, trade block, environment block,
and macroscopic-closure & market-clearing block. The general frame-
work of the CGE model can refer to Lin and Jia (2019b), which is illus-
trated in Fig. 2, so that this paper only focuses on introduction of the
dynamic ways and the treatment of parameters for CtE project.

2.1.1. Production block

Production block describes the production process of enterprises.
Enterprises produce their goods through factor input under different
production technology. The output itself is a Leontief function,
consisting of Value-Added & Energy (VAE) input and intermediate
input. VAE input is constituted by value-added input and energy input
following a Constant Elasticity of Substitution (CES) function, like
many other studies (Arto et al,, 2019; Jin et al., 2019; Li et al., 2019). A
CES function is used for VA input, consisting of capital and labor input,
while it is used for energy input, consisting of electricity and non-

Table 1
Coal equivalent coefficient and CO, emission coefficient of fossil energy.

Primary Coal equivalent coefficient CO, emission coefficient
energy of of
primary energy primary energy
Coal 0.743 kg/kg 1.852 kg/kg
0il 1.429 kg/kg 3.561 kg/kg
Gas 1.330 kg/m> 3.316 kg/m>

electric (fossil energy) input. The fossil energy input is a CES function
which consists of coal input and non-solid (oil and gas) input. Due to
China's 139 sectors, the input-output table does not separate the oil
and gas industries, and the main energy consumption in China is coal,
this paper does not continue to subdivide oil and gas.

2.1.2. Environment block

Emission in this paper is calculated by energy consumption as
shown in Egs. (1)-(4), CO, emission coefficient of fossil energy is illus-
trated in Table 1, and SO, and NO, emission factors of coal is depicted in
Table 2. These two points worth noted: 1) the paper discusses CO, emis-
sions only from fossil fuel consumption for production or heating, and
2) this paper assumes that power plants will utilize desulfurization
and denitrification completely, while the residents will create SO, and
NO, emission into the air when they are burning coal for heating.

EM; = QCOAL; x vy + EM_0_G; (1)
EM_0_G; = Q0_G; x v (2)
EM_S02; = QCOAL,; x y®e=502 3)
EM_NOx; = QCOAL; x y<a—NOx 4)

where EM; represents total emission of sector i. QCOAL; represents coal
consumption of sector i. y°% represents CO, emission coefficients of
coal. EM_O_G; denotes emission by oil and gas energy consumption.
QO0_G; and y°-# are the consumption of oil and gas (which units has
been converted to million tons of coal equivalent), and CO, emission co-
efficients of oil and gas (or the coefficients of coal equivalent). [ repre-
sents rural residents or urban residents. QCOAL, is coal consumption
by residents I. y°4~592 and y*°% N re SO, and NO, emission factors
of coal. EM_SO2; and EM_NOx; are SO, and NOy emission by coal con-
sumption of residents.

2.2. Social accounting matrix

The most important basic data of CGE model is social accounting ma-
trix, which can be compiled by the input-output table. This paper used
2012 China Input-Output Table (CIOT). The energy data of SAM is
from the China Statistical Yearbook (National Bureau of Statistics,
2015) and the economic data is from China Input-Output Association
(CIOA) (China Input-Output Association, 2017). SAM is balanced by
using SG-RAS method (Wang et al., 2012).

In order to make the article more concise and expressive, we reclas-
sify the 42 sectors in CIOT into 14 sectors, as shown in Table 3. In addi-
tion, we classify rural people and citizen, to analyze the different impact
on rural and urban population (see Table 3).

2.3. Model dynamics
CGE modelitself is a static model. We use a recursive method to con-

vert the model into a dynamic model considering the capital, labor and
Autonomous Energy Efficiency Improvement (AEEI).

Table 2
SO, and NO, emission factors of coal.

Emissions Emission factors of coal

SO, 0.053 kg/kg
NOy 0.016 kg/kg
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Table 3
Description of sector classification and population classification.
Sectors Description
AGR Agriculture, forestry, animal husbandry and fishery
COL Coal mining and washing industry
0_G Petroleum and natural gas exploitation
PAP Paper industry
CMT Cement
FER Chemical fertilizer
CMC Chemicals
STL Steel smelting and rolling processing industry
EQU Equipment manufacturing industry
ELC Electricity
CST Construction industry
TRA Transportation
OTH Other industry
SER Service
RUR Rural population
CTZ Urban population

1) Capital depreciation, it is determined by capital stock of current pe-
riod and investment. Capital stock is endogenous except for the first
period, while the investment is endogenous.

FF%, — CAPSTK, x (1 —depre) XV, (5)
where FF{%, is total capital depreciation in next period. CAPSTK, repre-
sents current capital stock. depre denotes average depreciation rate of
total capital stock. Y _;XV; . is investment of the whole society.

2) Labor endowment is exogenous and determined by National Popula-
tion Development Plan (2016-2030) (The Central People's
Government of the People's Republic of China, 2017).

FFI®, — FFl% (1 4 popgrowth,) (6)

where FF; is total labor input in next period. FF®’ represents current
total labor input. While popgrowth, denotes population growth rate dur-
ing period t.

3) AEElis considered in this paper, which is set according to Zhang et al.
(2018).

3. Scenario design

The essence of coal to electricity project is to create better air quality
and less CO, emission. Thus, this paper tries to discuss the environment,
energy and economy impact when CtE project is promoted completely.
As the data and the model used by this paper is at the national level, this
paper cannot distinguish the vary progresses of coal-to-electricity pro-
ject in different places, so we assume that by 2020, all residents will
complete the coal-to-electricity project. Since the perspective of our
analysis is independent of the progress, this assumption is relatively
reasonable. Moreover, the substitution of electricity may increase fossil
energy consumption to some extent, so that this paper considers the
proportion of thermal power generation as a variable in scenario design.
The study used Business as Usual (BaU) scenario for comparison. C sce-
nario is the scenario that CtE project is promoted in the north of China. P
scenario is the scenario that the proportion of thermal power genera-
tion will decrease by 10%. This paper also considered heating efficiency
(by the method of enhancing conversion rate, building's energy-
efficient performance etc.). In H1 and H2 scenario, 10% and 20% heating
efficiency improvement is assumed, while both heating efficiency im-
provement and proportion of thermal power generation is considered

Table 4

Scenario design of CtE project.”
Scenario CtE Proportion of thermal power Heating

project generation efficiency

Bau - - -
C Yes - -
H1 Yes - +10%
H2 Yes - +20%
P - —10% -
PC Yes —10% -
PH1 Yes —10% +10%
PH2 Yes —10% +20%

* In order to facilitate the memory of the scenario, this paper uses three letters of P, C, H
to represent all scenarios. P simulates the assumption that the proportion of thermal
power generation will reduce 10%. C simulates the assumption that government promotes
CtE project. H simulates the assumption that government promotes CtE project with
higher heating efficiency.

in PH1 and PH2 scenario. Table 4 illustrates the scenario design of CtE
project.

The main influence of CtE project is the energy consumption struc-
ture of residents, the consumption of residents, and the transfer pay-
ment (subsidy) of the government to residents. CtE project will lead
to an average investment increase of 11.08 thousand yuan per house-
hold, and 30% fee reimbursed by the government, which data comes
from a confidential project so that we cannot offer detailed information
of the source of the investment and cost. It is difficult for the CGE model
to simulate the number of substitution of coal to electricity directly so
that exogenous share parameters of resident consumption is considered
to simulate energy consumption change of residents, such method is
applied to Li et al. (2017). The energy consumption of residents for
the different scenarios was taken to be exogenous firstly, and the exog-
enous share parameters each year are acquired by calibration, then take
the exogenous parameters into the CGE model to simulate the changing
preference of coal and electricity. The scenario of reducing the rate of
coal-fired power plant is similar to the method above. This paper as-
sumes that each household needs 3.257 tons of clean coal for heating
every year while after CtE project each household will consume
4854kWh per year for heating, according to a group company that col-
lects electric power consumption information and dominants CtE pro-
ject promotion in China. We also assume the project can reduce
almost all coal consumption of urban population and reduce 95% coal
consumption of rural population since 2020. If CtE project is promoted
completely in 2020, the coal consumption of residents will reduce by
66.33 million tons of coal equivalent.

4. Results and discussion
4.1. Emission reduction

4.1.1. CO, emission reduction

Fig. 3 illustrates CO, emission reduction in all counter-measured
(CM) scenarios during 2020-2030. It is important to note that CO, re-
duction in C, H1, H2 and P scenarios are compared with BaU scenario,
while the reduction in PC, PH1 and PH2 scenarios are compared with
P scenario. The following analyses of other items are also based on
such comparison method. The reason why this paper makes such a
comparison is that we want to find out whether the reduction effect
would increase or not if the power generation structure had improved.
In C, H1 and H2 scenarios, CO, emission will reduce by 138.3-159.1 mil-
lion tons of CO, (Mt-CO,), and the cumulative increase in emission will
be 1.60-1.66 billion tons of CO, (Bt-CO-). In PC, PH1 and PH2 scenario,
the emission reduction will be 154.2, 157.3 and 160.4 Mt-CO,, respec-
tively. The cumulative in CO, reduction during 2020-2030 in PC, PH1
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— 2022 0.1411 0.1438 0.1465 0.1877 0.1424 0.1450 0.1476
2023 0.1425 0.1453 0.1480 0.1914 0.1438 0.1465 0.1491
— 2024 0.1439 0.1467 0.1496 0.1951 0.1453 0.1480 0.1507
— 2025 0.1453 0.1482 0.1511 0.1990 0.1467 0.1495 0.1522
— 2026 0.1468 0.1497 0.1527 0.2028 0.1482 0.1510 0.1538
2027 0.1482 0.1513 0.1543 0.2068 0.1497 0.1526 0.1554
2028 0.1497 0.1528 0.1559 0.2108 0.1512 0.1541 0.1571
2029 0.1512 0.1543 0.1575 0.2149 0.1527 0.1557 0.1587
2030 0.1527 0.1559 0.1591 0.2190 0.1542 0.1573 0.1604
—&— Total 1.5995 1.6313 1.6632 2.1922 1.6148 1.6452 1.6755

Fig. 3. CO, emission reduction in all CM scenarios during 2020-2030 (The effect of reduction in C, H1, H2 and P scenarios is relative to CO, emission in BaU scenario, while the effect in PC,

PH1 and PH2 scenarios is relative to P scenario).

and PH2 scenarios will be 1.61, 1.65 and 1.68 Bt-CO,, respectively,
which account for 0.16-0.17%. of China CO, emission in 2017.!

The effect of CtE project will increase by time. The essential reason is
that the amount of substitution increases continuously as time goes on,
as the increasing energy consumption, which will increase the differ-
ences between BaU scenario and CM scenarios. We also find that CtE
project has a positive impact on CO, emission reduction. The reduction
effect will increase by improving heating efficiency or reducing the rate
of coal-fired power plant, especially by the latter method, which impli-
cates that if China wants to maximize CO, reduction effect of CtE project,
China should do efforts on other aspects in energy saving and low car-
bon methods, because there is a synergistic reduction effect between
CtE project and other energy saving methods. Moreover, despite the
positive impact on CO, reduction of CtE project, the accumulative CO,
emissions reduction during 2020-2030 will be no more than 0.5% of
2015 world total CO, emission (BP, 2018).

We found that there are co-benefits between different low carbon
behaviors. The improvement of power generation structure and CtE
project can increase the capacity of energy savings of each other. Be-
cause CtE project will increase electricity consumption, and if power
generation side uses less fossil energy and more renewable energy,

! The data of carbon emission is from Global Carbon Budget 2018. Website: https://
www.icos-cp.eu/GCP/2018.

CtE project will directly get more benefits of fossil energy savings and
CO, reduction from cleaner structure of power generation. And the im-
provement of heat efficiency can directly enhance CO, emission reduc-
tion of CtE project. The reason is simple: if the heating efficiency
increase, household will use less electricity to keep the house warm.

4.1.2. NO,, SO, emission reduction

Table 5 shows NO, and SO, emission reduction by residents in 2030.
As we can see, the change in heating efficiency (comparison of C, H1 and
H2 scenarios) and the structure of electricity generation (comparison of
C and PC scenarios, or H1 and PH1 scenarios, etc.) can hardly affect the
emission reduction of SO, and NOy. The reason is simple: both of them

Table 5

NOy, SO, emission reduction by residents in 2030 (unit: million ton. The benchmark in C,
H1 and H2 scenarios is BaU scenario, and the benchmark in PC, PH1 and PH2 scenarios is P
scenario. This is also the case with the latter figures and tables).

SO, NOy
Bau - -
C 1.78359 0.53844
H1 1.78356 0.53843
H2 1.78353 0.53842
P - -
PC 1.78358 0.53844
PH1 1.78355 0.53843
PH2 1.78352 0.53842
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Fig. 4. Commodity prices in all scenarios compared with BaU and P scenarios in 2030.

can hardly affect the amount of heating by residents, so the total amount
of the substitution of coal remains unchanged. However, we find a pos-
itive impact of CtE project on NOy, SO, emission reduction: NOy, SO,
emission will reduce by 0.538 and 1.784 million ton in 2030, which is
nearly 82.59% and 60.09% of NO, and SO, emission of residents in
China in 2015, respectively (Nakakoji et al., 2007), and this result is sim-
ilar to the result of Chen and Chen (2019). Thus, we found that CtE pro-
ject plays an important role in reducing NO, and SO, emission, although
the performance of CO, emission effect of CtE project is not very well.
China's SO, emissions are main from coal combustion (Coal-fired SO,
emissions account for more than 85% of total SO, emissions). And NOy
emissions are mainly from the combustion of fossil fuel and biomass

fuel. We find that coal consumption by the rural household will directly
result in bad air quality in the north of China, especially in winter. For
this reason, we consider that CtE project does can be an environment-
friendly project.

4.2. Economic impact

4.2.1. Commodity price

Fig. 4 illustrates the commodity prices in all scenarios compared
with BaU and P scenario in 2030. Note that the commodity price in C,
H1, and H2 scenarios in Fig. 4 is compared with BaU scenario, while
the price in PC, PH1 and PH2 scenarios is compared with P scenario.
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EPC -0.031|-0.181| 0.001 | -0.001|-0.006 | -0.027 | -0.010 | 0.004 | 0.014 | 0.669 | 0.006 | -0.002 | -0.009 | -0.007

®PH1 -0.025]-0.209 | 0.002 | 0.000 | -0.004 | -0.022 | -0.009 | 0.002 | 0.012 | 0.603 | 0.005 | -0.003 | -0.007 | -0.005

®"PH2 -0.019(-0.237| 0.003 | 0.001 | -0.003 | -0.016 | -0.007 [ 0.000 | 0.010 | 0.536 | 0.004 | -0.003 | -0.005 | -0.003
EC ®mH1 mH2 mPC EmPHl1 ®PH2

Fig. 5. Sectorial output in CM scenarios in 2030.
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Fig. 6. The variation of Social Welfare by promoting CtE project in 2030.

Commodity prices will fall by 0.02-0.03%. This can reflect in the stimu-
lating effect on the economy: CtE project will make the demand of res-
idents to coal reduce sharply, which will change relation between
supply and demand in coal market. The price of coal will decrease di-
rectly by the CtE project. As the coal industry is the most basic energy
industry, it will drive the cost of energy intensive industry down, so
that the downstream enterprises of coal enterprises commaodity prices
will decline. At the same time, the decline in the price of coal trading
will also cause competition pressure to other energy industries, leading
to a decline in prices of other energy commodities. However, in general,
CtE project has little impact on commodity price, as the negative impact
is no more than 0.035%.

4.2.2. Sectorial output

Fig. 5 depicts the sectorial output in CM scenarios compared with
BaU scenario in 2030. Sectorial output and Energy consumption in C,
H1, and H2 scenarios are compared with BaU scenario while those in
PC, PH1 and PH2 scenario are compared with P scenario. The CtE project
has a certain impact on the industrial structure and has a more signifi-
cant impact on energy consumption structure, which is reflected in
the output of coal industry and electricity industry. Coal industries will
suffer a loss of output by promoting CtE project, by 0.16-0.24%, and out-
put of electricity will increase by 0.54-0.67%, other industries received
less impact, which is no more than 0.04%. Among them, oil, gas, steel,
equipment and construction will increase while others will decrease
output by promoting CtE project. The reason for the increase in oil and
gas consumption is that the reduction of energy price (see
Section 4.1.1) makes purchasing power of residents increase. In general,

Table 6
The variation of energy consumption of residents in 2030.
Scenario Consumption Rural Urban
C Coal —94.71% —98.68%
Electricity 26.80% 4.82%
H1 Coal —94.71% —98.68%
Electricity 24.15% 4.34%
H2 Coal —94.71% —98.68%
Electricity 21.50% 3.87%
P Coal —94.71% —98.68%
Electricity 26.80% 4.82%
PH1 Coal —94.71% —98.68%
Electricity 24.15% 4.34%
PH2 Coal —94.71% —98.68%
Electricity 21.50% 3.87%

CtE project has positive impact on adjustment of energy structure: more
electricity consumption, less coal consumption. And coal consumption
will reduce more if China changes the structure of power generation,
which means that CtE project can get benefits from the development
of renewable energy, as CtE project is aimed at using more electricity
and less coal.

4.2.3. Social welfare

The study introduced Hicksian equivalent variation as a measure of
changes in social welfare (Hosoe et al., 2010; Weber, 2010). Fig. 6 illus-
trates the variation of social welfare in all CM scenarios compared with
BAU or P scenario in 2030. Social welfare in this paper means that the
highest level of utility that the purchasing power of residents can
reach. In all CM scenarios, social welfare of rural population will increase
by 0.019-0.021% and that of urban population will increase by
0.007-0.008%. We can see that the CtE project can promote the rise of
rural population welfare, and it has a positive impact on the welfare of
urban residents as well. Moreover, neither improving heating efficiency
nor power structure can hardly change the variation tendency of social
welfare.

4.3. Energy impact

4.3.1. Energy consumption of residents

Table 6 shows the variation of energy consumption of residents. The
consumption of coal in rural and urban people will reduce by 94.71%
and 98.68%, respectively. The electricity consumption of rural and
urban population will increase by 26.80% and 4.82%, respectively. The
reason why the rise of electricity is lower than the reduction of coal con-
sumption is that the amount of electricity consumption by residents is
far greater than that of coal consumption, especially by urban popula-
tion. Improving heating efficiency will reduce electricity consumption
by residents directly. Moreover, the CtE project cut almost all the coal
consumption by residents. However, the effect of CO, emission is rela-
tively low as Section 4.1.1 shows. Section 4.3.2 shows detail discussion
of the reason.

4.3.2. Coal consumption

Fig. 7 illustrates the variation of coal consumption in all industries in
2030. Coal consumption in the coal industry will reduce by 0.70-1.00
million tons of coal equivalent (Mtce). The consumption in other indus-
tries except for electricity will almost be steady. However, the consump-
tion of electricity will increase from 11.27 to 14.76 Mtce. In addition, the
total coal consumption of industries will reduce the CO, reduction ben-
efit. In 2030, total coal consumption of industries will increase from
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Fig. 7. The variation of coal consumption in all industries in 2030.

10.37 to 14.14 Mtce. The reason why most of the industries' coal con-
sumption will increase is that, maybe, coal price will be reduced by pro-
moting CtE project (see Section 4.2.1) so that enterprises can buy little
more coal for production.

5. Conclusion, policy implications and limitation
5.1. Conclusion

This paper establishes two benchmark scenarios (BaU and P scenar-
ios) and six counter-measured scenarios (C, H1, H2, PC, PH1 and PH2
scenarios), and constructs a dynamic recursive computable general
equilibrium model to focus on the impact of promoting coal to electric-
ity project on CO,, NO, and SO, emission reduction, commodity price,
sectorial output, social welfare, energy consumption of residents and
coal consumption. The following conclusions were drawn from the
study:

Environment impact: CtE project has a positive impact on CO, emis-
sion reduction; however, the positive impact will reduce by the increase
of industrial energy consumption. The reduction effect will increase by
improving heating efficiency and reducing the rate of coal-fired power
plant, especially by the former method. However, the reduction of CO,
emission is low, compared with NOy, SO, emission reduction. CtE pro-
ject plays an important role in reducing NOy and SO, emission. NOy,
SO, emissions will reduce by 0.538 and 1.784 million ton in 2030,
which is nearly 82.59% and 60.09% of NO, and SO, emission of residents
in China in 2015, respectively.

Economic impact: CtE project has little impact on commodity price,
as the negative impact is no more than 0.035% and has a positive impact
on adjustment of energy structure: thus, more electricity consumption,
less coal consumption. The welfare of rural population will increase
more than that of urban population, which is the original intention of
the CtE project: improving the quality of life of rural residents. Neither
improving heating efficiency nor power structure can hardly change
the variation tendency of social welfare.

Other Primary
Energy

Coal

generation
effici

Power generation

effici

Grid transmission
efficiency

Electrothermal

effi ci

Building physical
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temperature

Fig. 8. Energy transfer chain of electric heating from primary energy to room temperature.
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Fig. 9. Energy transfer chain of coal heating from primary energy to room temperature.

Energy impact: the project cuts almost all the coal consumption by
residents and increase residents' electricity consumption. The growth
rate of electricity consumption in rural residents is much greater than
that in urban residents, indicating that reasonable subsidy to urban res-
idents should be considered. The total coal consumption of industries
will reduce the CO, reduction benefit as the industrial coal consumption
will rise to a certain degree.

This paper considers that the current Chinese government's coal-to-
electricity project is a project with energy replacement. CtE project
changes the energy transfer chain. Energy transfer chains of electric
heating or coal heating from primary energy to room temperature are
shown in Figs. 8 and 9. It can be seen that after CtE project, coal con-
sumption is sensitive to the proportion of coal-fired power plants,
power generation efficiency, power transmission and distribution effi-
ciency, and building's energy-efficient performance (or building physi-
cal performance we mentioned in Figs. 8 and 9). In some coal-based
developing countries, such as China and India, CtE project may reduce
the efficiency of coal use, unless doing something we mentioned
above. For this part, CtE project and other projects can promote each
other's emission reduction capacity. That's why our results show in-
creasing thermal efficiency and changing the power supply structure
have a positive impact on the emission reduction effect of CtE project.

In general, below are the conclusions based on the findings:

1) CtE project is an effective way of reducing SO, and NOy emissions,
and the environment in China will improve directly by the project.
NOy, SO, emission in 2030 will reduce more than half of residents’
NO, and SO, emission in China. Moreover, the reduction effect of
SO, and NOy emissions can be hardly influenced by heating

efficiency and power generation structure. Because the amount of
substitution is relatively fixed.

2) However, the CO, emissions reduction effect will be offset by in-

creased energy consumption in thermal power plants to some ex-

tent, as the substance of CtE project is energy substitution, not
energy saving. Some energy saving projects can reduce energy con-
sumption and CO, emission more significantly than CtE projects,
such as improving the efficiency of power generation of fossil energy
plants, improvement of interval temperature, and biofuels and coal

co-firing etc. (Nauclér and Enkvist, 2009).

CtE project plays a positive role in adjusting the energy structure, as

it will reduce coal consumption and increase electricity consump-

tion. However, the positive impact on energy structure is not as sig-

nificantly as other energy policies (Blesl et al., 2010; Liu and Li,

2011).

4) There are significant co-benefits of CO, emission reduction between
CtE project and decreasing the proportion of power generation by
fossil energy. Because electricity itself is secondary energy generated
by several of primary energy. A better power structure can make
electricity consumption cleaner and increase the effect of CtE project
on CO, emission reduction dramatically.

5.2. Policy implications

w
=

Before the formal introduction of policy implications, this paper sup-
plements the advantages and disadvantages of electric heating relative
to coal heating from the micro level, as we can only analyze the impact
of CtE project from a macro perspective using CGE model.

Advantage of electric heating:

1) Security. Conventional coal-fired boilers may produce substances
such as carbon monoxide due to incomplete combustion of coal,
leading to unexpected accidents.

2) No pollution. Compared with coal heating, no exhaust gas will be
generated during the electric heating process.

3) Convenient. The indoor temperature can be adjusted more conve-
niently and efficiently with different output powers.

4) Increase in utilization of power grid facilities. It helps to smooth the
fluctuation of grid load and increase the grid load rate, especially the
use of heaters with heat storage function.

Disadvantages of electric heating:

1) High energy consumption. Electric heating relies too much on build-
ing energy conservation. If the building's energy-efficient perfor-
mance is bad, it will lead to higher energy consumption or lower
room temperature.

2) High cost. Compared to coal heating, the purchase cost of electric
heaters is higher, and the annual electricity bills for heating may be
higher than the cost of coal burning.

Based on the above conclusions and the analysis of the advantages
and disadvantages of the electric heating method, we have drawn the
following policy implications, serve as reference for countries which
are coal-dominate, such as China, India, South Africa, Poland, and
Kazakhstan etc.

1) The energy-saving effect of the coal-to-electricity project cannot be
overestimated. It can be seen from the conclusions of this paper
that the impact of coal-to-electricity carbon reduction is minimal.
To improve its energy-saving effect, it needs to be combined with
the front and the end of residential heating to achieve energy-
saving and emission-reducing effects. The main significance of CtE
project is not to reduce CO, emissions but to improve the environ-
ment. The fundamental reason is that CtE project is an energy substi-
tution method, not energy saving method. If the supply side (power
generation structure) and consumption side (building's energy-
efficient performance, such as building insulation capacity,
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ventilation, infiltration, passive radiation, wall-to-window ratio,
etc.) of residential heating are not efficient enough, CtE project
may even bring greater energy consumption and carbon dioxide
emissions.

2) The environmental significance of coal to electricity cannot be ig-
nored. From this point of view, it is very meaningful to promote
CtE project. Since there is no treatment of the resident burnt coal
to exhaust gas, a large amount of nitrogen oxides, sulfur dioxide
and particulate matter are directly discharged into the air, which di-
rectly leads to environmental deterioration. After the coal consump-
tion was changed to electricity, the primary energy use terminal was
changed from residents to a power plant. The environmental bene-
fits are reflected as the power plant was equipped with a desulfuri-
zation and denitrification device.

3) When promoting coal-to-electricity project, we must pay attention
to the subsidies for residents in various aspects. Because there is a
cost to transfer from coal-fired heating to electricity-using heating.
Ordinary rural residents are unwilling to bear this expense, so the
government needs to subsidize this part of the expense (the Chinese
government is already doing it). In addition, it is necessary to install
a thermal insulation layer for some buildings with poor energy-
efficient performance. This will not only greatly enhance the enthu-
siasm of residents for CtE project, but also improve the efficiency of
social electricity consumption and achieve the effect on energy sav-
ing and emission reduction. As the CO, reduction cost of installation
of the insulation layer is negative (Nauclér and Enkvist, 2009), this
paper considers that the subsidy to building insulation may as im-
portant as the subsidy to the purchase of electric heaters, however,
there is no such kind of subsidy in China.

4) When promoting coal-to-electricity projects, we can reduce fluctua-
tions in grid load by using fluctuations in electricity prices (which
may promote the use of heaters with heat storage or of air source
heaters). The fluctuation of grid load in winter may be reduced and
there may be a positive effect on energy efficiency after the market-
ization of electricity prices.

5.3. Limitation

The proportion of different electric heating methods will bring dif-
ferent power consumption. There are many ways of electric heating:
electric heaters with heat storage, air source heat pumps, electric
heating film heaters, and solar energy + electric heating auxiliary
heating. In this paper, only the comprehensive electricity consumption
of heating is extracted from the residential electricity load data covered
by CtE project of Beijing Power Grid. In other words, the paper assumes
that different heating methods are rising in the same proportion. In fu-
ture researches, we will find ways to separate these electric heating
methods and discuss their economic and energy environment impacts.

Declaration of competing interest
We declare that we have no conflict of interest.
Acknowledgements

The paper is supported by Report Series from Ministry of Education
of China (No. 10JBG013), and China National Social Science Fund (No.
17AZD013).

References

Aguilera, RF, Ripple, RD., 2013. Modeling primary energy substitution in the Asia Pacific.
Appl. Energy 111, 219-224. https://doi.org/10.1016/j.apenergy.2013.05.028.

Arto, I, Garcia-Muros, X., Cazcarro, I, Gonzalez-Eguino, M., Markandya, A., Hazra, S., 2019.
The socioeconomic future of deltas in a changing environment. Sci. Total Environ.
648, 1284-1296. https://doi.org/10.1016/j.scitotenv.2018.08.139.

Blasius, E., Wang, Z., 2018. Effects of charging battery electric vehicles on local grid regard-
ing standardized load profile in administration sector. Appl. Energy 224, 330-339.
https://doi.org/10.1016/j.apenergy.2018.04.073.

Blesl, M., Kober, T., Bruchof, D., Kuder, R., 2010. Effects of climate and energy policy related
measures and targets on the future structure of the European energy system in 2020
and beyond. Energy Policy 38, 6278-6292. https://doi.org/10.1016/j.
enpol.2010.06.018.

Bohlmann, H.R., Horridge, ].M., Inglesi-Lotz, R., Roos, E.L., Stander, L., 2019. Regional em-
ployment and economic growth effects of South Africa’s transition to low-carbon en-
ergy supply mix. Energy Policy 128, 830-837. https://doi.org/10.1016/j.
enpol.2019.01.065.

BP, 2017. Statistical review of world energy 2017 [WWW document]. URL. https://www.
bp.com/content/dam/bp/en/corporate/pdf/energy-economics/statistical-review-
2017 /bp-statistical-review-of-world-energy-2017-full-report.pdf.

BP, 2018. BP Energy Outlook-2018 Edition [WWW Document]. https://www.bp.com/en/
global/corporate/energy-economics/energy-outlook.html.

Cao, Z., Liy, G., Zhong, S., Dai, H., Pauliuk, S., 2019. Integrating dynamic material flow anal-
ysis and computable general equilibrium models for both mass and monetary bal-
ances in prospective modeling: a case for the Chinese building sector. Environ. Sci.
Technol. 53, 224-233. https://doi.org/10.1021/acs.est.8b03633.

Chang, K, Ge, F, Zhang, C, Wang, W., 2018. The dynamic linkage effect between energy
and emissions allowances price for regional emissions trading scheme pilots in
China. Renew. Sust. Energ. Rev. 98, 415-425. https://doi.org/10.1016/j.
rser.2018.09.023.

Chen, H., Chen, W., 2019. Potential impact of shifting coal to gas and electricity for build-
ing sectors in 28 major northern cities of China. Appl. Energy 236, 1049-1061.
https://doi.org/10.1016/j.apenergy.2018.12.051.

China Input-Output Association, 2017. 2012 Input-Output Table [WWW Document]. URL
http://www.stats.gov.cn/ztjc/tjzdgg/trccxh/zIxz/trccb/201701/t20170113_1453448.
html (accessed 4.16.18).

Cusenza, M.A.,, Bobba, S., Ardente, F., Cellura, M., Di Persio, F., 2019. Energy and environ-
mental assessment of a traction lithium-ion battery pack for plug-in hybrid electric
vehicles. J. Clean. Prod. 215, 634-649. https://doi.org/10.1016/j.jclepro.2019.01.056.

Davidson, M.R,, Zhang, D., Xiong, W., Zhang, X., Karplus, V.J., 2016. Modelling the potential
for wind energy integration on China's coal-heavy electricity grid. Nat. Energy 1.
https://doi.org/10.1038/nenergy.2016.86.

Du, Z,, Lin, B., 2017. How oil price changes affect car use and purchase decisions? Survey
evidence from Chinese cities. Energy Policy 111, 68-74. https://doi.org/10.1016/j.
enpol.2017.09.017.

Gallego-Sala, A.V., Charman, D.J., Brewer, S., Page, S.E., Prentice, I.C., Friedlingstein, P.,
Moreton, S., Amesbury, M.J.,, Beilman, D.W., Bjorck, S., Blyakharchuk, T.,
Bochicchio, C., Booth, R.K., Bunbury, J., Camill, P., Carless, D., Chimner, R.A.,
Clifford, M., Cressey, E., Courtney-Mustaphi, C., De Vleeschouwer, F., de Jong, R.,
Fialkiewicz-Koziel, B., Finkelstein, S.A., Garneau, M., Githumbi, E., Hribjlan, ]J.,
Holmgquist, J., Hughes, P.D.M., Jones, C., Jones, M.C., Karofeld, E., Klein, E.S.,
Kokfelt, U., Korhola, A., Lacourse, T., Le Roux, G., Lamentowicz, M., Large, D.,
Lavoie, M., Loisel, J., Mackay, H., MacDonald, G.M., Makila, M., Magnan, G.,
Marchant, R., Marcisz, K., Martinez Cortizas, A., Massa, C., Mathijssen, P.,
Mauquoy, D., Mighall, T., Mitchell, F.J.G., Moss, P., Nichols, ]., Oksanen, P.O.,
Orme, L., Packalen, M.S., Robinson, S., Roland, T.P., Sanderson, N.K., Sannel,
A.B.K,, Silva-Sanchez, N., Steinberg, N., Swindles, G.T., Turner, T.E., Uglow, ].,
Viliranta, M., van Bellen, S., van der Linden, M., van Geel, B., Wang, G., Yu, Z.,
Zaragoza-Castells, J., Zhao, Y., 2018. Latitudinal limits to the predicted increase
of the peatland carbon sink with warming. Nat. Clim. Chang. 8, 907-913.
https://doi.org/10.1038/s41558-018-0271-1.

Hartmann, D., Kaltschmitt, M., 1999. Electricity generation from solid biomass via co-
combustion with coal. Energy and emission balances from a German case study. Bio-
mass Bioenergy 16, 397-406. https://doi.org/10.1016/S0961-9534(99)00017-3.

Hosoe, N., Gasawa, K., Hashimoto, H., 2010. Textbook of Computable General Equilibrium
Modelling: Programming and Simulations. vol. 2010. New York St Martin's Press.
Palgrave Macmillan. https://doi.org/10.1017/CB09781107415324.004 pp. xix, 235
2-xix, 235.

Jenner, S., Lamadrid, AJ., 2013. Shale gas vs. coal: policy implications from environmental
impact comparisons of shale gas, conventional gas, and coal on air, water, and land in
the United States. Energy Policy 53, 442-453. https://doi.org/10.1016/j.
enpol.2012.11.010.

Jin, G., Chen, K., Wang, P., Guo, B., Dong, Y., Yang, J., 2019. Trade-offs in land-use com-
petition and sustainable land development in the North China plain. Technol.
Forecast. Soc. Change 141, 36-46. https://doi.org/10.1016/j.
techfore.2019.01.004.

Kim, J., Park, K., 2018. Effect of the clean development mechanism on the deployment of
renewable energy: less developed vs. well-developed financial markets. Energy Econ.
75, 1-13. https://doi.org/10.1016/j.eneco.2018.07.034.

Lausselet, C., Cherubini, F., Oreggioni, G.D., del Alamo Serrano, G., Becidan, M., Hu, X.,
Rerstad, P.K, Stremman, A.H., 2017. Norwegian waste-to-energy: climate change, cir-
cular economy and carbon capture and storage. Resour. Conserv. Recycl. https://doi.
org/10.1016/j.resconrec.2017.07.025.

Li, N., Zhang, X,, Shi, M., Hewings, G.J.D., 2019. Does China's air pollution abatement policy
matter? An assessment of the Beijing-Tianjin-Hebei region based on a multi-regional
CGE model. Energy Policy 127, 213-227. https://doi.org/10.1016/j.enpol.2018.12.019.

Li, W,, Jia, Z., Zhang, H., 2017. The impact of electric vehicles and CCS in the context of
emission trading scheme in China: a CGE-based analysis. Energy 119, 800-816.
https://doi.org/10.1016/j.energy.2016.11.059.

Lim, S.-Y., Kim, H.-J,, Yoo, S., 2017. South Korean household's willingness to pay for replac-
ing coal with natural gas? A view from CO2 emissions reduction. Energies 10, 2031.
https://doi.org/10.3390/en10122031.


https://doi.org/10.1016/j.apenergy.2013.05.028
https://doi.org/10.1016/j.scitotenv.2018.08.139
https://doi.org/10.1016/j.apenergy.2018.04.073
https://doi.org/10.1016/j.enpol.2010.06.018
https://doi.org/10.1016/j.enpol.2010.06.018
https://doi.org/10.1016/j.enpol.2019.01.065
https://doi.org/10.1016/j.enpol.2019.01.065
https://www.bp.com/content/dam/bp/en/corporate/pdf/energy-economics/statistical-review-2017/bp-statistical-review-of-world-energy-2017-full-report.pdf
https://www.bp.com/content/dam/bp/en/corporate/pdf/energy-economics/statistical-review-2017/bp-statistical-review-of-world-energy-2017-full-report.pdf
https://www.bp.com/content/dam/bp/en/corporate/pdf/energy-economics/statistical-review-2017/bp-statistical-review-of-world-energy-2017-full-report.pdf
https://www.bp.com/en/global/corporate/energy-economics/energy-outlook.html
https://www.bp.com/en/global/corporate/energy-economics/energy-outlook.html
https://doi.org/10.1021/acs.est.8b03633
https://doi.org/10.1016/j.rser.2018.09.023
https://doi.org/10.1016/j.rser.2018.09.023
https://doi.org/10.1016/j.apenergy.2018.12.051
http://www.stats.gov.cn/ztjc/tjzdgg/trccxh/zlxz/trccb/201701/t20170113_1453448.html
http://www.stats.gov.cn/ztjc/tjzdgg/trccxh/zlxz/trccb/201701/t20170113_1453448.html
https://doi.org/10.1016/j.jclepro.2019.01.056
https://doi.org/10.1038/nenergy.2016.86
https://doi.org/10.1016/j.enpol.2017.09.017
https://doi.org/10.1016/j.enpol.2017.09.017
https://doi.org/10.1038/s41558-018-0271-1
https://doi.org/10.1016/S0961-9534(99)00017-3
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1016/j.enpol.2012.11.010
https://doi.org/10.1016/j.enpol.2012.11.010
https://doi.org/10.1016/j.techfore.2019.01.004
https://doi.org/10.1016/j.techfore.2019.01.004
https://doi.org/10.1016/j.eneco.2018.07.034
https://doi.org/10.1016/j.resconrec.2017.07.025
https://doi.org/10.1016/j.resconrec.2017.07.025
https://doi.org/10.1016/j.enpol.2018.12.019
https://doi.org/10.1016/j.energy.2016.11.059
https://doi.org/10.3390/en10122031

12 B. Lin, Z. Jia / Science of the Total Environment 698 (2020) 134241

Lin, B, Chen, Y., 2018. Carbon Price in China: a CO , abatement cost of wind power per-
spective. Emerg. Mark. Financ. Trade 54, 1653-1671. https://doi.org/10.1080/
1540496X.2017.1386547.

Lin, B., Ge, J., 2019. Carbon sinks and output of China's forestry sector: an ecological eco-
nomic development perspective. Sci. Total Environ. 655, 1169-1180. https://doi.org/
10.1016/j.scitotenv.2018.11.219.

Lin, B,, Jia, Z,, 2019a. What are the main factors affecting carbon price in emission trading
scheme? A case study in China. Sci. Total Environ. 654, 525-534. https://doi.org/
10.1016/j.scitotenv.2018.11.106.

Lin, B, Jia, Z., 2019b. What will China's carbon emission trading market affect with only
electricity sector involvement? A CGE based study. Energy Econ. 78, 301-311.
https://doi.org/10.1016/j.eneco.2018.11.030.

Lin, B, Wu, W., 2018. Why people want to buy electric vehicle: an empirical study in first-
tier cities of China. Energy Policy 112, 233-241. https://doi.org/10.1016/j.
enpol.2017.10.026.

Lin, B, Xie, C,, 2014. Reduction potential of CO2 emissions in China's transport industry.
Renew. Sust. Energ. Rev. 33, 689-700. https://doi.org/10.1016/j.rser.2014.02.017.
Lin, B., Chen, Y., Zhang, G., 2017. Technological progress and rebound effect in China's
nonferrous metals industry: an empirical study. Energy Policy 109, 520-529.

https://doi.org/10.1016/j.enpol.2017.07.031.

Liu, W,, Li, H., 2011. Improving energy consumption structure: a comprehensive assess-
ment of fossil energy subsidies reform in China. Energy Policy 39, 4134-4143.
https://doi.org/10.1016/j.enpol.2011.04.013.

Liu, Y., Han, LY., Yin, Z.Q., Luo, K.Y., 2017. A competitive carbon emissions scheme with
hybrid fiscal incentives: the evidence from a taxi industry. Energy Policy 102,
414-422. https://doi.org/10.1016/j.enpol.2016.12.038.

Lovold Radseth, K., 2017. Environmental regulations and allocative efficiency: application
to coal-to-gas substitution in the U.S. electricity sector. J. Product. Anal. 47, 129-142.
https://doi.org/10.1007/s11123-017-0495-5.

Ma, Y., Song, X., 2019. Applying stable isotopes to determine seasonal variability in evapo-
transpiration partitioning of winter wheat for optimizing agricultural management
practices. Sci. Total Environ. 654, 633-642. https://doi.org/10.1016/j.
scitotenv.2018.11.176.

Machura, P., Li, Q., 2019. A critical review on wireless charging for electric vehicles.
Renew. Sust. Energ. Rev. 104, 209-234. https://doi.org/10.1016/j.rser.2019.01.027.

Mayer, ]., Bachner, G., Steininger, KW., 2019. Macroeconomic implications of switching to
process-emission-free iron and steel production in Europe. J. Clean. Prod. 210,
1517-1533. https://doi.org/10.1016/j.jclepro.2018.11.118.

Mori-Clement, Y., Bednar-Friedl, B., 2019. Do clean development mechanism projects
generate local employment? Testing for sectoral effects across Brazilian municipali-
ties. Ecol. Econ. 157, 47-60. https://doi.org/10.1016/j.ecolecon.2018.10.011.

Nakakoji, K., Jo, K., Yamamoto, Y., Nishinaka, Y., Asada, M., 2007. Reproducing and re-
experiencing the writing process in Japanese calligraphy. Tabletop 2007 - 2nd
Annu. [EEE Int. Work. Horiz. Interact. Human-Computer Syst, pp. 75-78 https://doi.
org/10.1109/TABLETOP.2007.24.

National Bureau of Statistics, 2015. China statistical yearbook (2014) [WWW document].
URL. http://www.stats.gov.cn/tjsj/ndsj/, Accessed date: 3 February 2018.

National Bureau of Statistics, 2016. China statistical yearbook (2016) [WWW document].
URL. http://www.stats.gov.cn/tjsj/ndsj/.

Nauclér, T., Enkvist, P., 2009. Pathways to a low-carbon economy: version 2 of the global
greenhouse gas abatement cost curve. McKinsey & Company https://doi.org/10.1016/
j.enpol.2010.01.047.

Nong, D., Siriwardana, M., Perera, S., Nguyen, D.B., 2019. Growth of low emission-
intensive energy production and energy impacts in Vietnam under the new regula-
tion. J. Clean. Prod. 225, 90-103. https://doi.org/10.1016/j.jclepro.2019.03.299.

Peng, ].-T., Wang, Y., Zhang, X., He, Y., Taketani, M., Shi, R., Zhu, X.-D., 2019. Economic and
welfare influences of an energy excise tax in Jiangsu province of China: a computable
general equilibrium approach. J. Clean. Prod. 211, 1403-1411. https://doi.org/
10.1016/j.jclepro.2018.11.267.

Qi, Y., Dai, H., Geng, Y., Xie, Y., 2018. Assessment of economic impacts of differentiated
carbon reduction targets: a case study in Tianjin of China. J. Clean. Prod. 182,
1048-1059. https://doi.org/10.1016/j.jclepro.2018.02.090.

Su, Q., Dai, H., Chen, H., Lin, Y., Xie, Y., Karthikeyan, R., 2019. General equilibrium analysis
of the cobenefits and trade-offs of carbon mitigation on local industrial water use and
pollutants discharge in China. Environ. Sci. Technol. 53, 1715-1724. https://doi.org/
10.1021/acs.est.8b05763.

Sun, M., Cremer, J., Strbac, G., 2018. A novel data-driven scenario generation framework
for transmission expansion planning with high renewable energy penetration.
Appl. Energy 228, 546-555. https://doi.org/10.1016/j.apenergy.2018.06.095.

Suo, C, Li, Y.P, Jin, SW,, Liu, ], Li, Y.F, Feng, RF. 2017. Identifying optimal clean-
production pattern for energy systems under uncertainty through introducing carbon
emission trading and green certificate schemes. J. Clean. Prod. 161, 299-316. https://
doi.org/10.1016/j.jclepro.2017.05.123.

The Central People's Government of the People's Republic of China, 2017. National popu-
lation development plan (2016-2030) [WWW document]. URL. http://www.nhfpc.
gov.cn/bgt/gwyw;j2/201701/a6dd45cf1660432c91a9ada5e758a4a2.shtml, Accessed
date: 3 February 2018.

Tsai, W.-H,, Jhong, S.-Y., 2019. Production decision model with carbon tax for the knitted
footwear industry under activity-based costing. . Clean. Prod. 207, 1150-1162.
https://doi.org/10.1016/j.jclepro.2018.09.104.

Wang, H., Wang, Y., Zhang, S., 2019. Numerical simulation on property tax reform: evi-
dence from China. Appl. Econ. 51, 2172-2194. https://doi.org/10.1080/
00036846.2018.1540852.

Wang, T., Ma, C, Lin, C,, 2012. SG-RAS/SG-CE methods for SAM balancing. Stat. Res. 29,
88-95. https://doi.org/10.19343/j.cnki.11-1302/c.2012.12.014.

Wang-Helmreich, H., Kreibich, N., 2019. The potential impacts of a domestic offset com-
ponent in a carbon tax on mitigation of national emissions. Renew. Sust. Energ.
Rev. 101, 453-460. https://doi.org/10.1016/j.rser.2018.11.026.

Weber, T.A, 2010. Hicksian welfare measures and the normative endowment effect. Am.
Econ. ]. Microeconomics 2, 171-194. https://doi.org/10.1257/mic.2.4.171.

Wei, W., Zhao, Y., Wang, J., Song, M., 2019. The environmental benefits and economic im-
pacts of fit-in-tariff in China. Renew. Energy 133, 401-410. https://doi.org/10.1016/].
renene.2018.10.064.

Weldu, Y.W.,, Assefa, G., Jolliet, O., 2017. Life cycle human health and ecotoxicological im-
pacts assessment of electricity production from wood biomass compared to coal fuel.
Appl. Energy 187, 564-574. https://doi.org/10.1016/j.apenergy.2016.11.101.

Weng, Y., Chang, S., Cai, W., Wang, C., 2019. Exploring the impacts of biofuel expansion on
land use change and food security based on a land explicit CGE model: a case study of
China. Appl. Energy 236, 514-525. https://doi.org/10.1016/j.apenergy.2018.12.024.

Wigley, TM.L, 2011. Coal to gas: the influence of methane leakage. Clim. Chang. https://
doi.org/10.1007/s10584-011-0217-3.

Yang, Sheng, Qian, Y., Wang, Y., Yang, Siyu, 2017. A novel cascade absorption heat trans-
former process using low grade waste heat and its application to coal to synthetic
natural gas. Appl. Energy 202, 42-52. https://doi.org/10.1016/j.
apenergy.2017.04.028.

Zeng, Y., Zhang, R., Wang, D., Mu, Y., Jia, H., 2019. A regional power grid operation and
planning method considering renewable energy generation and load control. Appl.
Energy 237, 304-313. https://doi.org/10.1016/j.apenergy.2019.01.016.

Zhang, C, Yang, ], 2019. Economic benefits assessments of “coal-to-electricity” project in
rural residents heating based on life cycle cost. J. Clean. Prod. 213, 217-224. https://
doi.org/10.1016/j.jclepro.2018.12.077.

Zhang, L., Li, Y., Jia, Z., 2018. Impact of carbon allowance allocation on power industry in
China's carbon trading market: computable general equilibrium based analysis.
Appl. Energy 229, 814-827. https://doi.org/10.1016/j.apenergy.2018.08.055.

Zhang, L., Tang, Y., Yang, S., Gao, F., 2019. Decoupled power control for a modular-
multilevel-converter-based hybrid AC-DC grid integrated with hybrid energy stor-
age. IEEE Trans. Ind. Electron. 66, 2926-2934. https://doi.org/10.1109/
TIE.2018.2842795.

Zhu, L., Chen, L., Yu, X,, Fan, Y., 2018. Buying green or producing green? Heterogeneous
emitters' strategic choices under a phased emission-trading scheme. Resour. Conserv.
Recycl. 136, 223-237. https://doi.org/10.1016/j.resconrec.2018.04.017.


https://doi.org/10.1080/1540496X.2017.1386547
https://doi.org/10.1080/1540496X.2017.1386547
https://doi.org/10.1016/j.scitotenv.2018.11.219
https://doi.org/10.1016/j.scitotenv.2018.11.219
https://doi.org/10.1016/j.scitotenv.2018.11.106
https://doi.org/10.1016/j.scitotenv.2018.11.106
https://doi.org/10.1016/j.eneco.2018.11.030
https://doi.org/10.1016/j.enpol.2017.10.026
https://doi.org/10.1016/j.enpol.2017.10.026
https://doi.org/10.1016/j.rser.2014.02.017
https://doi.org/10.1016/j.enpol.2017.07.031
https://doi.org/10.1016/j.enpol.2011.04.013
https://doi.org/10.1016/j.enpol.2016.12.038
https://doi.org/10.1007/s11123-017-0495-5
https://doi.org/10.1016/j.scitotenv.2018.11.176
https://doi.org/10.1016/j.scitotenv.2018.11.176
https://doi.org/10.1016/j.rser.2019.01.027
https://doi.org/10.1016/j.jclepro.2018.11.118
https://doi.org/10.1016/j.ecolecon.2018.10.011
https://doi.org/10.1109/TABLETOP.2007.24
https://doi.org/10.1109/TABLETOP.2007.24
http://www.stats.gov.cn/tjsj/ndsj/
http://www.stats.gov.cn/tjsj/ndsj/
https://doi.org/10.1016/j.enpol.2010.01.047
https://doi.org/10.1016/j.enpol.2010.01.047
https://doi.org/10.1016/j.jclepro.2019.03.299
https://doi.org/10.1016/j.jclepro.2018.11.267
https://doi.org/10.1016/j.jclepro.2018.11.267
https://doi.org/10.1016/j.jclepro.2018.02.090
https://doi.org/10.1021/acs.est.8b05763
https://doi.org/10.1021/acs.est.8b05763
https://doi.org/10.1016/j.apenergy.2018.06.095
https://doi.org/10.1016/j.jclepro.2017.05.123
https://doi.org/10.1016/j.jclepro.2017.05.123
http://www.nhfpc.gov.cn/bgt/gwywj2/201701/a6dd45cf1660432c91a9ada5e758a4a2.shtml
http://www.nhfpc.gov.cn/bgt/gwywj2/201701/a6dd45cf1660432c91a9ada5e758a4a2.shtml
https://doi.org/10.1016/j.jclepro.2018.09.104
https://doi.org/10.1080/00036846.2018.1540852
https://doi.org/10.1080/00036846.2018.1540852
https://doi.org/10.19343/j.cnki.11-1302/c.2012.12.014
https://doi.org/10.1016/j.rser.2018.11.026
https://doi.org/10.1257/mic.2.4.171
https://doi.org/10.1016/j.renene.2018.10.064
https://doi.org/10.1016/j.renene.2018.10.064
https://doi.org/10.1016/j.apenergy.2016.11.101
https://doi.org/10.1016/j.apenergy.2018.12.024
https://doi.org/10.1007/s10584-011-0217-3
https://doi.org/10.1007/s10584-011-0217-3
https://doi.org/10.1016/j.apenergy.2017.04.028
https://doi.org/10.1016/j.apenergy.2017.04.028
https://doi.org/10.1016/j.apenergy.2019.01.016
https://doi.org/10.1016/j.jclepro.2018.12.077
https://doi.org/10.1016/j.jclepro.2018.12.077
https://doi.org/10.1016/j.apenergy.2018.08.055
https://doi.org/10.1109/TIE.2018.2842795
https://doi.org/10.1109/TIE.2018.2842795
https://doi.org/10.1016/j.resconrec.2018.04.017

	Economic, energy and environmental impact of coal-�to-�electricity policy in China: A dynamic recursive CGE study
	1. Introduction
	2. Methodology
	2.1. CGE model
	2.1.1. Production block
	2.1.2. Environment block

	2.2. Social accounting matrix
	2.3. Model dynamics

	3. Scenario design
	4. Results and discussion
	4.1. Emission reduction
	4.1.1. CO2 emission reduction
	4.1.2. NOx, SO2 emission reduction

	4.2. Economic impact
	4.2.1. Commodity price
	4.2.2. Sectorial output
	4.2.3. Social welfare

	4.3. Energy impact
	4.3.1. Energy consumption of residents
	4.3.2. Coal consumption


	5. Conclusion, policy implications and limitation
	5.1. Conclusion
	5.2. Policy implications
	5.3. Limitation

	Declaration of competing interest
	section25
	Acknowledgements
	References




