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a b s t r a c t

Emission inventories are critical to understanding the sources of air pollutants, but have high un-
certainties in China due in part to insufficient on-site measurements. In this study, we developed a
method of examining, screening and applying online data from the country's improving continuous
emission monitoring systems (CEMS) to reevaluate a “bottom-up” emission inventory of China's coal-
fired power sector. The benefits of China's current national emission standards and ultra-low emission
policy for the sector were quantified assuming their full implementation. The derived national average
emission factors of SO2, NOx and particulate matter (PM) were 1.00, 1.00 and 0.25 kg/t-coal respectively
for 2015 based on CEMS data, smaller than those of previous studies that may not fully recognize
improved emission controls in recent years. The annual emissions of SO2, NOx and PM from the sector
were recalculated at 1321, 1430 and 334 Gg respectively, 75%, 63% and 76% smaller than our estimates
based on a previous approach without the benefit of CEMS data. The results imply that online mea-
surement with proper data screening can better track the recent progress of emission controls. The
emission intensity (the ratio of emissions to economic output) of Northwest China was larger than that of
other regions, attributed mainly to its less intensive economy and industry. Transmission of electricity to
more-developed eastern provinces raised the energy consumption and emissions of less-developed re-
gions. Judged by 95 percentiles of flue-gas concentrations measured by CEMS, most power plants met the
current national emission standards in 2015 except for those in Northwest and Northeast China, while
plants that met the ultra-low emission policy were much scarcer. National SO2, NOx and PM emissions
would further decline by 68%, 55% and 81% respectively if the ultra-low emission policy can be strictly
implemented, implying the great potential of the policy for emission abatement.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The power sector is considered one of the most important
sources of air pollution in China (Fu et al., 2013; Tang et al., 2012;
Zhang et al., 2012; Zhao et al., 2010; Zhao et al., 2013). The installed
capacity of thermal power plants reached 1005 GW in 2015,
e by Dr. Haidong Kan.
ollution Control & Resource
ity, 163 Xianlin Ave., Nanjing,
accounting for 75% of the total generating capacity in the country
(EBCEPY, 2016). Coal remains by far the dominant fossil fuel in the
electricity sector, comprising 90% of thermal power installed ca-
pacity. Previous studies concluded that the power sector contrib-
uted 21%e33% and 28e33% of China's total emissions of SO2 and
NOx in 2010, respectively (Li et al., 2017; Lu et al., 2011; Zhao et al.,
2013; Zhao et al., 2013). These pollutants are especially harmful to
human health due to their roles in the formation of secondary fine
particles through reactions in the atmosphere (Gao et al., 2018;
Zhang et al., 2012).

Air pollutant emissions from the power sector are commonly
estimated through a “bottom-up” approach. Zhao et al. (2008,
2010) compiled a database of emission factors (emissions per unit
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coal consumption) for China's coal-fired power plants based on
available field measurements and calculated the emissions of in-
dividual generation units throughout the country. With updated
information at the unit level, the method has been modified and
widely applied to improve emission estimation and to evaluate
inter-annual changes (Lei et al., 2011; Lu et al., 2011; Zhao et al.,
2013a; Tian et al., 2013; Wang et al., 2015). Liu et al. (2015)
compiled comprehensive information on combustion technology,
activity level, and fuel quality of each unit, and developed a power
sector emission inventory for 1990e2010. Insufficient direct mea-
surements of emission factors, however, contributed to un-
certainties in the inventory, and data from continuous emission
monitoring system (CEMS) were recommended to further improve
emission estimation.

In recent years, a series of energy and environment policies has
been implemented in China's power sector and was expected to
effectively reduce the emissions of air pollutants. Klimont et al.
(2013) estimated that SO2 emissions in China reached a peak in
2006 and began to decline afterwards, primarily due to the
increased use of flue gas desulfurization (FGD) systems. Liu et al.
(2016) found that NOx emissions in China declined continuously
after 2011 despite increasing coal consumption, resulting mainly
from the deployment of selective catalyst reduction (SCR) in the
power sector. Based on the adjustment of the penetration rates and
removal efficiencies of emission control devices in power sector,
Tong et al. (2018) predicted that the emissions of air pollutants from
power sector would significantly decline during 2016e2030 due to
the ultra-low emission policy. Relying only on routine environ-
mental statistics without the support of online measurement data,
however, the effects of these swift changes in emission controls
could not be quantified accurately or in a timely fashion at the unit
level.

Since 2007, CEMS have been installed and operated in some
(chiefly high-emitting) plants in China to track the real-time con-
centrations of selected air pollutants in the flue gas. Recently efforts
have been made to estimate the emissions from power generation
using CEMS data (Bo et al., 2015; Chen, 2016; Wu et al., 2017; Liu
et al., 2019). For example, Zhang et al. (2018) calculated the emis-
sions of coal-fired power plants in Jiangsu for 2012 incorporating
CEMS data. Cui et al. (2018) developed an emission inventory of
China's thermal power sector combining CEMS data, official envi-
ronmental statistics compiled by the State Ministry of Environment
Protection (MEP) and the information from pollutant emission
permits issued for individual plants by the government. The main
limitations of those studies were lack of assessment of data quality
of and limited quantification of the effects of CEMS data on emis-
sion estimation. CEMS measurement has its own uncertainties,
particularly in earlier years of deployment, resulting from both
technical and management weaknesses. By examining the CEMS
data from 38 power units of China Energy Group, Liu et al. (2019)
found that the emission factors for SO2, NOx and PM were up to
1e2 orders of magnitude lower after ultra-low emission retrofit-
ting. With expanded data samples, therefore, reliable online mea-
surements are expected to help to better capture the benefit of
emission control measures. Karplus et al. (2018) applied satellite
observation and available CEMS data of power sector to detect the
emission reduction due to implementation of ultra-low emission
policy, and suggested more careful evaluation of CEMS data.

In this study, we developed a method for estimating emissions
from power sector by examining, screening and applying the CEMS
data. The annual emissions of selected species were calculated
using different approaches, with and without the CEMS data, and
the results were compared against each other to understand the
effects of CEMS data on emission estimation of the sector. The
benefits of national polices on emission abatement for the sector
were then evaluated based on the CEMSmeasurement of individual
plants.
2. Methodology and data

2.1. Study domain

The study domain includes 30 provinces/autonomous regions/
municipalities in mainland China, including (noting there are no
coal-fired power plants in Tibet). It included 1736 coal-fired power
plants in total, distributed into six large interprovincial power grids
named for the regions they serve: Northwest, Northeast, North,
Central, East, and South China. The total capacity and coal con-
sumption of coal-fired power sector were reported at 880 GW and
1830Mt in 2015 (NBS, 2016). The distribution of total installed
capacity by unit size is illustrated for each grid in Fig. 1. The total
capacity shares of small units (<300MW) ranged 8e23%, smaller
than those of large (�600MW) and medium ones (300e600MW)
for all six grids. The total installed capacity and capacity share of
large units were largest in East China, reaching 135 GW and 66%,
respectively.
2.2. Emission estimations without and with CEMS data

A unit-based inventory of SO2, NOx and PM emissions from
China's coal-fired power sector for 2015 was developed first
without CEMS data (referred as base emission inventory, BEI). De-
tails of the method can be found in the Supplementary material.
With the emission factors and activity levels investigated and
compiled for individual plants, the annual emissions of each species
were generally calculated using Eq. (1), as described in Zhao et al.
(2008, 2010):

Ei ¼
X

i;j;m

Aj;m � EFi;j;m � ð1�hi;j;mÞ (1)

where i, j and m represent the pollutant species, individual plant,
and fuel or technology type, respectively; A is the activity level, e.g.,
the annual coal consumption; EF is the emission factor without
added controls; and h is the removal efficiency of any air pollutant
control device (APCD).

CEMS data for 1039 electric generating units were obtained,
including monitoring time, unit operational state, flue gas flow, and
hourly concentrations of SO2, NOx and PM. Two estimations were
made incorporating CEMS data, referred as updated emission in-
ventories, UEI (A) and UEI (B), respectively. In UEI (A), the annual
mean hourly concentrations of air pollutants obtained from CEMS
and the annual total volume of flue gas taken from environmental
statistics were applied to calculate the annual emissions of each
individual plant (Eq. (2)), while in UEI (B) the theoretical annual
flue gas volume of each plant was calculated and applied (Eq. (3)):

Ei;j ¼Ci;j � Vj (2)

Ei;j ¼Ci;j � Aj � V0
m (3)

where C is the annual average concentration; V is the annual total
flue gas volume; A is the annual coal consumption; and V0 is the
theoretical flue gas volume per unit of coal consumption. V0 de-
pends on the coal type and can be calculated following the method
in Zhao et al. (2010).

The operational condition and resulting data quality of CEMS
have been a concern since theywere installed, likely contributing to
measurement errors. We took steps to screen the CEMS data before



Fig. 1. The capacity distribution of coal-fired power plants in China's six interprovincial power grids in 2015.
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they were applied to estimate emissions. First, negative concen-
trations and those detected when the power unit was shut down or
undergoing maintenance were excluded. The 95% confidence in-
tervals (CIs) of the hourly concentrations were then applied to filter
out extremely low concentrations. Additional infeasible concen-
trations were further detected and excluded with the following
approach. We calculated the abated emission factors using Eq. (1),
by assuming the removal efficiencies of APCDs (h in Eq. (1)) for the
extremely optimistic and pessimistic cases. The “reference con-
centration” (i.e., the expected lower and upper bounds of concen-
trations) was then calculated using Eq. (4):

Csi;j ¼mi;j � EFi;j � V0
j;m (4)

where Cs is the reference concentration and m is a factor consid-
ering the uncertainty of emission factors. To calculate the theo-
retically highest concentration of SO2, for example, we assumed
that an FGD system was not installed or operated and an uncer-
tainty of 100% for the emission factor, i.e., h was 0 in Eq. (1) and m

was 2 in Eq. (4). For the theoretically lowest concentration, the
maximum removal efficiency of FGD for SO2 was assumed to be
99%, which meant that h was 99% and m was 1. Similarly for NOx, h
and m were assumed to be 0 and 3 for the highest concentration,
and at 90% and 1 for the lowest, respectively. A range of removal
efficiencies was calculated by type of dust collector based on official
environmental statistics, and the lower and upper bounds of the
reference removal efficiency were set at the 2.5 and 97.5 percentiles
of the range respectively. The lowest and highest reference PM
concentrations of individual plants could then be determined ac-
cording to their dust collector types. For example, the maximum
and minimum removal efficiency of an electrostatic precipitator
(ESP) were calculated at 99.95% and 89.85%, respectively.

As illustrated in Fig. S1 in the Supplementary material, the
fractions of detected abnormal online monitoring data of coal-fired
power plants varied by province due to different operation condi-
tions, data qualities and sources of CEMS. The systematic abnormal
concentration values include negative concentrations and those
detected under abnormal operation conditions, while the evaluated
abnormal concentration values indicate those detected based on
the statistical method with the mass balance principle as described
above. The fractions of abnormal SO2, NOx and PM concentrations
in most provinces were between 4% and 40%, and the largest were
found for Yunnan at 32%, 38% and 66%, respectively. The numbers
indicate relatively poor operation or management condition of
CEMS in this province. The fractions of abnormal SO2, NOx and PM
concentrations in Heilongjiang were the smallest at 2%, 1% and 2%
respectively, implying relatively stable operation conditions of
power units. The fractions of systematic abnormal values were
larger than evaluated ones in all the provinces. The largest fraction
of systematic abnormal values reached 60% for PM concentrations
in Yunnan, followed by those of SO2 and NOx in Hubei (both 37%).
The results indicate that there are unexpected errors in the mea-
surement technology or abnormal conditions in management and
operation of CEMS, and the resulting abnormal concentrations
should be excluded from emission estimation.

The online monitoring data did not cover all the plants. The
fractions of the units with CEMS data in installed capacities were
calculated by province and summarized in a new Table S1 in the
Supplementary material. The total installed capacity of units with
CEMS data accounted for 73% of all the units for provinces where
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CEMS data were available, and the fractions of small (<300MW),
medium (300e600MW) and large (�600MW) units with CEMS
data were estimated at 47%, 78% and 76% in installed capacity,
respectively. The numbers indicate that the plants with CEMS tend
to be large units and those without CEMS are often small ones. For
units lack of CEMS data, the average pollutant concentrations from
CEMS in the same category of installed capacity were applied to
calculate the emissions. Due to lack of on-line monitoring and
thereby poorer operation of emission control devices, however, the
emissions from units without CEMS could be relatively large, and
underestimation in emissions for those units were possiblymade in
this work. For provinces lacking activity levels or CEMS data at the
unit level, provincial level emission factors were applied based on
previously published CEMS data (Cui et al., 2018), and the coal
consumption of each unit was assumed to be proportional to its
installed capacity and calculated based on the total provincial
consumption.

The parameters used in BEI, UEI (A) and UEI (B) methods are
summarized in Table S2 in the Supplementary material. In general,
the sulfur and ash contents of coal in more developed eastern
provinces were less than those of other provinces, and the removal
efficiencies calculated with CEMS data were higher than those
obtained from environmental statistics. Fig. S2 in the Supplemen-
tary material illustrates the probability distributions of the removal
efficiencies of SO2 and PM in BEI and UEI (B) for power units in
Jiangsu Province as an example. Through Monte Carlo simulation,
the 95% CIs of SO2 removal efficiencies were 27.32%e99.59% and
84.90%e100% in BEI and UEI (B), respectively, and the analogous
numbers for PM were 92.43%e100% and 99.71%e100% (noting
values larger than 100% from the simulation were discarded). The
removal efficiencies in UEI (B) exhibited more concentrated dis-
tributions than those in BEI.

2.3. Evaluation of implementation of emission standards for power
sector

The current Emission Standard of Air Pollutants for Thermal
Power Plants GB13223-2011 (MEP, 2011) dictates the concentration
limits and monitoring requirements of air pollutants from thermal
power sector. To further reduce emissions, an “ultra-low emission
policy” for coal-fired power plants was set in 2014 (NDRC et al.,
2014). The policy requires that the emissions from coal-fired
boilers should be reduced to the level of natural gas boilers, i.e.,
the flue gas concentrations of SO2, NOx and PM should not exceed
35, 50 and 5mg/m3, respectively. Compared to the strictest limit of
GB13223-2011, the maximum flue gas concentrations of SO2, NOx
and PM at power plants should be further reduced by 30%, 50% and
75% respectively. In this study, the implementation of emission
standards for the power sector was evaluated based on the CEMS
data filtered as described above, and two scenarios were developed
to assess the potential benefits of the current standards and ultra-
low emission policy for 2015. Scenarios 1 and 2 refer to cases in
which all coal-fired power plants meet the requirement of
GB13223-2011 and the ultra-low emission policy, respectively.
Given the temporal variation of flue gas concentrations detected by
CEMS, a reasonable “guarantee rate” of 95% was applied, i.e., an
individual plant was deemed to meet the standard if less than 5% of
its hourly concentrations exceeded the corresponding limit. For
power plants that met the emission standard in 2015, their “in
compliance” emissions were set the same as the actual emissions in
the UEI (B) method. Otherwise, their 95 percentiles of flue gas
concentrations were reduced to the corresponding concentration
limit, and their “in compliance” emissions were calculated by
scaling the actual emissions with the ratio of the standard limit to
current 95 percentile of hourly concentrations measured by CEMS.
3. Results and discussions

3.1. Emission factors

Table 1 summarizes the average emission factors of coal-fired
power plants in selected provinces using the three methods. The
emission factors of most provinces in UEI (A) and UEI (B) were
relatively close to each other, implying consistency between the
flue gas volume and coal consumption data provided by official
environmental statistics. There were relatively large differences
between emission factors in UEI (A) and UEI (B) for Hubei, Guizhou
and Heilongjiang provinces. Given the potentially larger uncer-
tainty in measuring the volume of emitted flue gas compared to
coal consumption, UEI (B) may be more reliable for calculating
annual average emission factors. Due mainly to lower flue-gas
concentrations of all concerned species measured by CEMS
compared to those estimated bottom-up, the national emission
factors of SO2, NOx and PM calculated in UEI (B) were 1.00, 1.00 and
0.25 kg/t respectively, 78%, 71% and 94% lower than those in BEI.
The emission factors used in BEI were likely overestimated, as the
removal efficiencies of various species obtained from environ-
mental statistics were not updated in a timely fashion and
considering the actual operational condition of APCDs for individ-
ual plants. The removal efficiencies of SO2 and NOx remained at
zero for some small power plants. Therefore, the environmental
statistics which depended largely on previous experience of envi-
ronmental management by local government could not fully track
the progress of emission controls for power sector in recent years.
As shown in Table 1, there were significant regional differences in
emission factors among the provinces attributed to their different
mixes of unit type, fuel qualities and emission control technologies.
The results of UEI (B) were taken as examples to analyze the rea-
sons. The emission factors of eastern provinces with more devel-
oped economies were smaller than those in other areas, and the
discrepancies came from the mixed influence of fuel qualities and
the rates of penetration and operations of APCDs. For example, the
average sulfur content of coal in Heilongjiang in Northeast China
(mainly lignite) was 0.31%, smaller than that in Anhui in East China,
at 0.53%. However, the calculated SO2 emission factor for Hei-
longjiang was 2.6 times of that for Anhui, resulting largely from a
much lower FGD penetration rate in Heilongjiang (66%) than that of
Anhui (97%). Similarly, Heilongjiang exhibited the highest NOx
emission factors at 1.69 kg/t, with the lowest penetration (32%) and
removal rates (69%) of NOx control devices.

The average emission factors and their 95% CIs were calculated
by unit size and boiler type based on online monitoring data (UEI
(B)), as summarized in Table 2. There were 772 units with pulver-
ized coal (PC) combustion and 267 with circulating fluidized bed
combustion (CFBC). Large units exhibited smaller emission factors,
attributed mainly to better coal quality and higher removal effi-
ciencies. As illustrated in Fig. 2, the sulfur and ash contents of coals
combusted in small units were generally higher than those for large
ones, and their APCDs operated less effectively, with lower removal
efficiencies for various species. One exception is that the average
sulfur content of small units at 0.6% was lower than that of medium
units at 1.0%. The SO2 emission factor for small units, however, was
estimated to be 47% larger than for medium units, driven mainly by
the lower removal efficiency for smaller units (89%) than medium
ones (96%).

We compared our emission factors with those of other studies
for 2015. Based on data for one province (Guangdong), Dai (2016)
calculated the average SO2 emission factors of coal-fired power
plants at 0.43e1.88 and 0.76e3.16 kg/t-coal with andwithout use of
CEMS data, respectively. The smaller emission factors from CEMS
than those based on amass balancemethod are consistent with this



Table 1
Average emission factors of typical pollutants calculated with different methods for coal-fired power plants in selected provinces. Units: kg/t-coal.

Province EFSO2 EFNOx EFPM

UEI (A) UEI (B) BEI UEI (A) UEI (B) BEI UEI (A) UEI (B) BEI

Heilongjiang 2.50 1.42 3.73 2.50 1.69 4.48 0.75 0.49 12.61
Shaanxi 1.86 1.67 8.38 1.06 1.02 3.60 0.46 0.43 1.43
Shanghai 0.44 0.39 2.27 0.63 0.58 2.27 0.07 0.07 0.56
Jiangsu 1.23 0.75 3.87 1.60 0.92 2.85 0.27 0.17 3.06
Zhejiang 0.81 0.62 4.50 1.12 0.77 3.37 0.16 0.11 4.91
Anhui 0.54 0.54 2.32 0.69 0.67 3.22 0.17 0.16 1.43
Fujian 0.79 0.72 3.12 0.82 0.75 5.32 0.17 0.15 1.11
Hubei 2.42 1.31 8.23 1.87 1.24 3.71 0.29 0.19 5.48
Guizhou 3.39 2.09 7.74 2.62 1.26 5.40 0.40 0.22 2.60
Guangxi 1.70 1.54 3.23 0.94 0.81 3.74 0.30 0.30 0.90
National average 1.50 1.00 4.49 1.52 1.00 3.48 0.32 0.25 4.17

Table 2
Emission factors of electric generating units in UEI (B) by capacity and boiler type for China's coal-fired power plants in 2015. 95% CIs are given in parentheses. Units: kg/t-coal.

Capacity size/MW Units SO2 NOx PM

95% CI average 95% CI average 95% CI average

Total <300 410 (1.02e1.37) 1.19 (1.20e1.43) 1.32 (0.24e0.35) 0.29
300e600 356 (0.72e0.91) 0.81 (0.68e0.77) 0.73 (0.14e0.19) 0.17
�600 273 (0.51e0.62) 0.56 (0.51e0.57) 0.54 (0.10e0.16) 0.13

Pulverized Coal <300 183 (0.90e1.46) 1.18 (1.40e1.84) 1.62 (0.26e0.49) 0.37
300e600 318 (0.72e0.93) 0.82 (0.66e0.75) 0.70 (0.15e0.20) 0.17
�600 271 (0.51e0.62) 0.56 (0.51e0.57) 0.54 (0.11e0.16) 0.13

CFBC <300 227 (0.99e1.43) 1.21 (0.97e1.18) 1.08 (0.20e0.27) 0.24
300e600 38 (0.61e0.89) 0.75 (0.71e1.14) 0.93 (0.12e0.20) 0.16
�600 2 e 0.21 e 0.51 e 0.12

Fig. 2. Key parameters for electric generating units of various sizes in China in 2015.
The sulfur and ash content were calculated based on official environmental statistics
(BEI), and the removal efficiencies were calculated with CEMS data (UEI (B)). The black
horizontal lines in the box represent the mean values, the boxes denote the 25 and 75
percentiles, and the whiskers denote the 5 and 95 percentiles.

Y. Zhang et al. / Environmental Pollution 251 (2019) 415e424 419
study. Due to the larger sample size, however, much wider ranges
of emission factors were obtained in this work: 0.02e18.34 and
0.26e46.00 kg/t-coal based on CEMS and mass balance method,
respectively. The discrepancy in the emission factor range resulted
partly from the CEMS data involved in the calculation and partly
from the data processing method. The hourly concentrations in the
flue gas of some power plants were very high but stable. In
particular, the annual average concentrations of two units in
Shaanxi and Xinjiang exceeded 2000mg/m3, resulting in CEMS-
based emission factors higher than 18 kg/t-coal. Moreover, the
removal efficiencies of some small power plants were determined
to be zero in the official environmental statistics, leading to a much
higher upper bound of mass-balance-based SO2 emission factors
than those of Dai (2016). A similar situationwas found for NOx. The
SO2 and NOx emission factors in this studywere close to but slightly
higher than those in Cui et al. (2018), attributed partly to the similar
source of online monitoring data analyzed in these two studies.
With the data assessment and screening in this work, extremely
low pollutant concentrations in the flue gas from onlinemonitoring
were excluded while some high concentrations remained, leading
to somewhat higher emission factors compared to Cui et al. (2018).
3.2. Annual emissions of the coal-fired power sector

Summarized in Table 3 are the emissions of SO2, NOx and PM
from the coal-fired power sector calculated with UEI (B) and BEI, by
regional grid (see the provincial emissions in Table S3 in the Sup-
plementary material). Incorporating CEMS data, the SO2, NOx and
PM emissions from the coal-fired power sector in the country were
estimated at 1321, 1430 and 334 Gg (UEI (B)), respectively, i.e., 75%,
63%, and 76% smaller than those in BEI using the mass balance
method. The differences between the twomethods varied in the six
grids, with those for North and East China particularly large. For
example, the SO2 emissions in UEI (B) were 84% smaller than those
in BEI for North China, and the NOx and PM emissions in UEI (B)
were 76% and 86% smaller than those in BEI for East China,
respectively. In contrast, the analogous differences for Northwest
Chinaweremuch smaller, at 64%, 40% and 55% for SO2, NOx and PM,
respectively. This might be because stricter air pollution control
policies were required in more economically developed regions,
including northern and eastern provinces (MEP et al., 2014, 2015),
leading to bigger changes in emissions of anthropogenic pollutants.



Table 3
Emission estimates for China's coal-fired power sector by regional grid for 2015 using different methods and emission scenarios. Units: Gg.

Grid BEI UEI (B) Scenario 1 Scenario 2

SO2 NOx PM SO2 NOx PM SO2 NOx PM SO2 NOx PM

Northeast 448.5 457.1 293.3 159.0 227.1 51.0 144.8 165.3 40.2 52.6 78.1 7.6
Northwest 659.9 386.6 163.9 235.2 231.0 73.7 146.5 161.5 34.2 49.1 79.2 7.6
North 2094.3 949.8 335.8 327.6 380.3 75.8 327.6 372.8 75.8 152.3 218.0 21.8
East 641.4 984.3 353.0 185.6 238.0 49.1 179.6 217.1 42.1 70.8 124.9 11.1
Central 726.3 488.7 138.5 234.6 199.2 51.9 216.4 189.6 41.5 61.0 90.2 8.8
South 641.4 549.6 108.9 178.7 154.5 32.6 156.0 122.4 21.1 31.6 52.7 5.6
Total 5211.7 3816.1 1393.4 1320.8 1430.1 334.1 1170.8 1228.7 254.8 417.4 643.2 62.6
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Such changes may not be reflected as quickly in the traditional
“bottom-up” method than in the CEMS data, thus causing greater
discrepancies between the two methods. In UEI (B), six provinces
with the largest coal consumption, including Inner Mongolia, Xin-
jiang, Shanxi, Shandong, Jiangsu and Henan, emitted 46% of China's
total SO2 from the coal-fired power sector, followed by Guizhou
where coal with high sulfur content is widely used. NOx emissions
from coal-fired power plants in Inner Mongolia, Xinjiang, Jiangsu
and Shandong exceeded 100 Gg, while those in Beijing and Hainan
were less than 10 Gg. The emissions of all the three species in North
China were the largest, attributed mainly to large electricity gen-
eration and coal consumption in the region.

Fig. 3(aec) illustrates the spatial distribution of air pollutant
emissions from the coal-fired power sector for China in 2015. The
emissions were the most spatially intensive in East and North
China, which together accounted for almost half of total coal con-
sumption by the sector. This was further illustrated by the ratio of
emissions to land area for each province: Shandong, Tianjin, Jiangsu
and Shanghai exhibited larger ratios than other provinces.
Regarding the regional power grids, the largest ratios were found
for all three species in East China, reaching 0.39, 0.50 and 0.10 t/km2

for SO2, NOx and PM respectively, while the lowest at 0.08, 0.08 and
0.02 t/km2 were in Northwest China. The locations of power plants
and spatial distribution of air pollutant emissions imply that power
Fig. 3. Spatial distribution of typical pollutant emissions of China's coal-fired power plants
(def) the provincial emission intensities.
plant construction in China was still largely influenced by popula-
tion and economic densities, despite specific national energy pol-
icies that seek to relocate electricity generation such as one
commonly translated as “Transmission of Electricity from Western
Areas to East China.” The emission intensity defined as the ratio of
emissions to Gross Domestic Product (GDP) presents an opposite
case, as illustrated in Fig. 3(def). Larger emission intensities were
found for less developed regions such as Xinjiang, Inner Mongolia
and Ningxia. With 19% of the national population and 26% of GDP in
2015, East China was estimated to account for 14%, 17% and 15% of
the national power emissions of SO2, NOx and PM respectively. In
contrast, Northwest China accounted for 7% of the country's pop-
ulation and 5% of the its GDP, but contributed 18%, 16% and 22% of
SO2, NOx and PM emissions from the coal-fired power sector,
respectively. The results indicate that areas with more developed
economies and intensive industrial production like East China
cannot totally meet the demands of energy and electricity by
themselves, and that the policies of electricity transmission from
less developed regions will elevate air pollutant emissions in those
regions.

The effects of size distribution of units on pollutant emissions
are also explored. In UEI (B), large units (�600MW)were estimated
to account for 38%, 37% and 38% of SO2, NOx and PM emissions from
the whole coal-fired power sector, respectively, smaller than their
in UEI (B) in 2015: (aec) the gridded emissions at the resolution of 27 km� 27 km, and
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share of installed capacity (43%) and coal consumption (46%). The
analogous numbers for small units (<300MW) were calculated at
22%, 25% and 24% for SO2, NOx and PM, respectively, larger than
their share of installed capacity (20%) and coal consumption share
(16%). The result suggests more effective implementation of
pollutant emission control measures at larger power generating
units than smaller ones.

Fig. S3 in the Supplementary material illustrates the monthly
variations of flue gas concentrations for more and less economically
developed provinces. Clear declining trends for SO2 and NOx are
indicated by correlation coefficients (R) derived by linear regres-
sion, while much bigger fluctuations were found for PM. Attributed
to the measurement limitation particularly at low concentration
levels, it is more difficult to obtain reliable and stable PM concen-
trations with CEMS compared to other species (Yang, 2013). The
reduction rates for SO2 were estimated at 3.2 and 1.8%/month for
more and less developed provinces, respectively, implying bigger
progress of SO2 controls for the more developed (and usually more
polluted) regions. The reduction, however, was smaller than that
reported by Karplus et al. (2018) around July 2014, suggested as a
strong response to the deadline for compliance with the national
standard (GB13223-2011). For NOx, the reduction rates were closer
for the more and less developed regions. Previous studies without
CEMS data commonly assumed that the monthly distributions of
emissions were proportional to those of energy consumption or
electricity production (Zheng et al., 2009; Kurokawa et al., 2013).
Fig. S4 in the Supplementary material compares the monthly var-
iations of SO2 and NOx emissions from coal-fired power sectors
between inventories with andwithout CEMS data (respectively, UEI
(B) in this work and the Multi-resolution Emission Inventory for
China, MEIC: http://www.meicmodel.org). For northern China, the
coefficients of variance (CVs) were calculated respectively at 24%
and 19% for monthly SO2 and NOx emissions in UEI (B), larger than
9% for both species in MEIC. Similarly, the monthly variation of UEI
(B) emissions was larger that in MEIC for southern China, and the
CVs were bigger than those for north. The results suggest that this
widely accepted assumption probably underestimates the temporal
variation of annual emissions from the power sector.

3.3. Effects of emission standard implementation

3.3.1. Flue gas concentrations “in compliance”
The annual average concentrations of air pollutants in flue gas

were assessed to judge whether each given plant met the emission
standard or not (Chen, 2016; Cui et al., 2018; Karplus et al., 2018;
Zhao et al., 2014). Given temporal variation in the concentrations,
however, an annual average value below the emission standard
hardly guaranteed compliance when the criterion is that 95% of
hourly concentrations must meet it (called the “95 percentile”
criterion below). We take two units as examples to illustrate this
point: Unit A in Guangdong, with installed capacity of 270MW, and
Unit B in Jiangsu, with installed capacity of 55MW. As shown in
Fig. S5 (a) in the Supplementary material, the annual average and
95 percentile of SO2 concentrations in the flue gas of Unit A were
calculated at 95 and 151mg/m3 based on the CEMS measurement
respectively, both lower than the limit of the national standard
(200mg/m3). Fig. S5 (b) in the Supplementary material shows a
different case in which the average SO2 concentration in the flue
gas of Unit B (106mg/m3) was smaller than the national standard
but the 95 percentile of hourly concentrations (600mg/m3) was far
larger. Unit A was thus deemed in compliance with the national
standard while Unit B was not.

Shown in Fig. 4 are the annual average monitored SO2 concen-
trations and 95 percentiles of hourly concentrations of all power
units in selected provinces with relatively large numbers of units, in
order to assess the success of implementation of both the national
standard and the ultra-low emission policy. In each panel, the units
with concentrations exceeding the limits (illustrated by the two
horizontal lines) failed to meet the corresponding standard, with
percentages indicating the fractions of “in compliance” units for the
province. As shown in Fig. 4 (c), for example, 94% of electric
generating units in Jiangsu met the national standard GB13223-
2011 (green line) but only 5% met the ultra-low emission policy
(orange line) as indicated by red arrows, based on the 95 percentile
of hourly flue-gas concentrations. If the annual average concen-
tration was selected as the criterion instead of the 95 percentile of
hourly concentrations, the rates of “in compliance” units would rise
to 97% and 22% (indicated by blue arrows) for GB13223-2011 and
the ultra-low emission policy respectively. Compared to less-
developed northeastern and southwestern provinces, the differ-
ences between these two criteria were smaller for the provinces
located in East and South China including Jiangsu (Fig. 4 (c)), Hubei
(Fig. 4 (d)) and Guangdong (Fig. 4 (e)). The average ratios of 95
percentile to average SO2 concentrations were estimated to be 1.7,
1.8 and 1.8 for these three provinces, respectively, and those low
ratios imply relatively stable operation of power units with less
emission fluctuation in the provinces. Moreover, the “in compli-
ance” rates for all those provinces exceeded 90% when the 95
percentile of SO2 concentration was used as the criterion. The
largest difference between the two criteria was found for Yunnan in
South China, with the average ratio of 95 percentile to annual
average SO2 concentrations reaching 3.0 (Fig. 4 (f)). In general, the
fractions of units that met the ultra-low emission policy were much
smaller than those for GB13223-2011 in all the provinces. Nearly no
unit met the requirement of ultra-low emission policy in Hubei and
Yunnan, implying that the policy had not taken effect in all prov-
inces by 2015.

For NOx and PM, the eastern and southern provinces similarly
exhibited larger rates of “in compliance” units. Relatively lower
rates were found for Heilongjiang for all three species, due to the
less penetration of APCDs. The rates of units that met the NOx
emission limit in GB13223-2011 were smaller than those for SO2
and PM for all provinces, implying the strictness of GB13223-2011
for NOx control. The emission limit for NOx in the ultra-low emis-
sion policy is 50% lower than that of GB13223-2011, much smaller
than 83% for both SO2 and PM. Given the extremely strict emission
limit of PM at 5mg/m3, the “in compliance” rates for PMweremuch
smaller than the other two species for the ultra-low emission
policy.

3.3.2. Predicted “in compliance” emissions
Table 3 also summarizes the emissions of China's coal-fired

power sector under full implementation of the national standard
GB13223-2011 and ultra-low emission policy (Scenarios 1 and 2).
Compared to UEI (B), emissions would have declined by 150, 201,
and 79 Gg for SO2, NOx and PM respectively in Scenario 1, and by an
additional 753, 586 and 192 Gg in Scenario 2. The ongoing emission
control measures in the power sector left little opportunity for the
current national standard to drive further progress, except in
Northeast and Northwest China. Dramatically larger reductions
would have been required to achieve Scenario 2 compared to
Scenario 1 for all species, implying far greater efforts needed to
achieve the ultra-low emission target. Regarding regional differ-
ences, the emissions of SO2, NOx and PM for Northwest China in
Scenario 1 would have needed to decrease by 38%, 30% and 54%
respectively compared to UEI (B), as the penetration rate of APCDs
in the power sector was still small for this region. The emission
abatement required for North China (which serves the Greater
Beijing area) to have achieved Scenarios 1 and 2 would have been
smaller compared to other regions, as multiple short-term

http://www.meicmodel.org


Fig. 4. Distribution of average and 95 percentile of hourly SO2 concentrations at coal-fired power generation units for six typical provinces. The blue areas present the average SO2

concentrations and the red areas present the differences between the average and 95 percentile of SO2 concentrations. The green and orange lines represent the national standard
limit (200mg/m3) and ultra-low emission standard limit (35mg/m3) of SO2, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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campaigns and long-term emission control policies separate from
the two national ones analyzed here had already been imple-
mented to improve air quality in this key region.

Fig. 5 compares the emissions of the coal-fired power sector and
their fractions of total national emissions over the last ten years
reported in different studies. Using the traditional “bottom-up”
method, MEIC, Xia et al. (2016), and Zhao et al. (2018) (providing an
inventory that integrates the results from various studies including
Wang et al. (2014) and Zhao et al. (2017)) produced very similar
estimates for 2006 but deviated in later years, attributed mainly to
different interpretations of the effects of emission controls. All the
studies found that SO2 and PM emissions from the power sector
declined from 2006 to 2015 with gradually increased application of
APCDs. MEIC estimated a 77% reduction in SO2 emissions, larger
than 65% by Xia et al. (2016) and 70% by Zhao et al. (2018). The
result implies a more optimistic judgment of the success of national
SO2 control policies byMEIC. NOx emissions increased from 2006 to
2010 and then decreased despite growth of coal consumption,
indicating the effectiveness of improved penetration and operation
of SCR in the power sector after 2010. The fractions of power sector
emissions to national total emissions of SO2, NOx and PM were
calculated to have declined from 48 to 53%, 31e36% and 8% in 2006
to 22e28%, 14e21% and 5e6% in 2015, respectively, in these three
inventories without CEMS data. Incorporating CEMS data, however,
the fractions in 2015 sharply decreased to 8%, 7% and 1% for the
three species in UEI (B) of this work, and would have declined
further under the two scenarios with full implementation of the
emission control policies. The result indicates that the contribution



Fig. 5. The annual emissions from coal-fired power sector and their fractions to China's total emissions estimated in different studies. The bars represent the pollutant emissions
and the diamonds denote their corresponding fractions.
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of the power sector to total national emissions declined signifi-
cantly in recent years, as the sector has been the foremost target of
emission abatement for over ten years. More stringent measures
are thus recommended for other sources like industrial boilers and
processes to further reduce national emissions efficiently. It should
be acknowledged, however, that the emissions in UEI (B) could be
underestimated in this work, particularly for the small power units
without CEMS. Based on UEI (B), an additional test was conducted
in which the emissions from small units without CEMS data were
estimated with the traditional “bottom-up” method instead of us-
ing the average concentrations from other small units with CEMS
for each province. The discrepancies between the national total
emissions from coal-fired power sector in this additional case and
UEI (B) were calculated at 18%, 9% and 46% relevant to UEI (B) for
SO2, NOx and PM, respectively. Therefore, incomplete coverage of
CEMS in the sector led to moderate uncertainty for SO2 and NOx
emissions. The uncertainty for PM was larger, implying that the
small units without CEMS might still play an important role in
emissions and that more careful supervision on those units is
further needed.

4. Conclusions

The emissions of SO2, NOx and PM from the coal-fired power
sector in China were reexamined by collecting, analyzing and
incorporating CEMS data. This resulted in significant reduction of
emission factors of the sector compared to the previous bottom-up
approach, and annual emissions for 2015 were estimated to be 75%,
63% and 76% smaller in the current study. The differences imply
that the progress of emission controls in the sector in recent years
were not fully detected using conventional mass balance methods,
attributed mainly to unclear operational conditions of APCDs. On-
line measurements with proper data screening better capture the
abatement of air pollutant emissions from improved controls.
However, the incomplete coverage of CEMS data may result in
moderate uncertainty in emission estimates. The benefit of full
implementation of current emission standard was found to be
limited, because of the success of measures that have already been
taken. Full achievement of the ultra-low emission policy, however,
would have resulted in an estimated additional 68%, 55% and 81%
reduction in SO2, NOx, and PM emissions, respectively. As the po-
tential of further emission abatement has declined for the power
sector, more stringent policies are encouraged for other industrial
sources to reduce the national emissions effectively in the future.

Acknowledgements

This work was sponsored by the National Key Research and
Development Program of China (2016YFC0201507 and
2017YFC0210106), Natural Science Foundation of China (91644220



Y. Zhang et al. / Environmental Pollution 251 (2019) 415e424424
and 41575142), and a Harvard Global Institute award to the
Harvard-China Project. Thanks should also go to Qingyue Open
Environmental Data Center (https://data.epmap.org) for its support
on environmental data processing.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.envpol.2019.05.021.

References

Bo, X., Zhao, C.L., Wu, T., Su, Y., Wang, L.F., Tian, J., Shi, Y.L., Luo, M., et al., 2015.
Emission inventory with high temporal and spatial resolution of steel industry
in the Beijing-Tianjin-Hebei Region. China Environ. Sci. 35 (8), 2554e2560 (in
Chinese).

Chen, B.X., 2016. Emission Characteristics of the Thermal Power Industry in Beijing-
Tianjin-Hebei Region and its Impact on the Air Quality. Master thesis. Zhejiang
University, Hangzhou, China (in Chinese).

Cui, J.S., Qu, J.B., Bo, X., Chang, X.Y., Feng, X., Mo, H., Li, S.B., Zhao, Y., et al., 2018. High
resolution power emission inventory for China based on CEMS in 2015. China
Environ. Sci. 38 (6), 2062e2074 (in Chinese).

Dai, P.H., 2016. The Thermal Power Plants SO2 and NOx Emission Factor Set and
Uncertaint Analysis that Based on the CEMS Data. Master thesis. South China
University of Technology, Guangzhou, China (in Chinese).

Editorial Board of China Electric Power Yearbook (EBCEPY), 2016. China Electric
Power Yearbook, 2016. China Electric Power Press, Beijing, China (in Chinese).

Fu, X., Wang, S., Zhao, B., Xing, J., Cheng, Z., Liu, H., Hao, J., 2013. Emission inventory
of primary pollutants and chemical speciation in 2010 for the Yangtze River
Delta region, China. Atmos. Environ. 70, 39e50.

Gao, M., Beig, G., Song, S., Zhang, H., Hu, J., Ying, Q., Liang, F., Liu, Y., Wang, H., Lu, X.,
Zhu, T., Carmichael, G.R., Nielsen, C.P., McElroy, M.B., 2018. The impact of power
generation emissions on ambient PM2.5 pollution and human health in China
and India. Environ. Int. 121, 250e259.

Karplus, V.J., Zhang, S., Almond, D., 2018. Quantifying coal power plant responses to
tighter SO2 emissions standards in China. Proc. Natl. Acad. Sci. U.S.A. 115,
7004e7009.

Klimont, Z., Smith, S.J., Cofala, J., 2013. The last decade of global anthropogenic
sulfur dioxide: 2000-2011 emissions. Environ. Res. Lett. 8.

Kurokawa, J., Ohara, T., Morikawa, T., Hanayama, S., Janssens-Maenhout, G., Fukui, T.,
Kawashima, K., Akimoto, H., 2013. Emissions of air pollutants and greenhouse
gases over Asian regions during 2000-2008: regional Emission inventory in
ASia (REAS) version 2. Atmos. Chem. Phys. 13, 11019e11058.

Lei, Y., Zhang, Q., He, K.B., Streets, D.G., 2011. Primary anthropogenic aerosol
emission trends for China, 1990-2005. Atmos. Chem. Phys. 11, 931e954.

Li, M., Zhang, Q., Kurokawa, J.-i., Woo, J.-H., He, K., Lu, Z., Ohara, T., Song, Y.,
Streets, D.G., Carmichael, G.R., Cheng, Y., Hong, C., Huo, H., Jiang, X., Kang, S.,
Liu, F., Su, H., Zheng, B., 2017. MIX: a mosaic Asian anthropogenic emission
inventory under the international collaboration framework of the MICS-Asia
and HTAP. Atmos. Chem. Phys. 17, 935e963.

Liu, F., Zhang, Q., Ronald, J.v.d.A., Zheng, B., Tong, D., Yan, L., Zheng, Y., He, K., 2016.
Recent reduction in NOx emissions over China: synthesis of satellite observa-
tions and emission inventories. Environ. Res. Lett. 11.

Liu, F., Zhang, Q., Tong, D., Zheng, B., Li, M., Huo, H., He, K.B., 2015. High-resolution
inventory of technologies, activities, and emissions of coal-fired power plants in
China from 1990 to 2010. Atmos. Chem. Phys. 15, 13299e13317.

Liu, X., Gao, X., Wu, X., Yu, W., Chen, L., Ni, R., Zhao, Y., Duan, H., Zhao, F., Chen, L.,
Gao, S., Xu, K., Lin, J., Ku, A.Y., 2019. Updated hourly emissions factors for Chi-
nese power plants showing the impact of widespread ultra-low emissions
technology deployment. Environ. Sci. Technol. 53, 2570e2578.

Lu, Z., Zhang, Q., Streets, D.G., 2011. Sulfur dioxide and primary carbonaceous
aerosol emissions in China and India, 1996-2010. Atmos. Chem. Phys. 11,
9839e9864.

Ministry of Environmental Protection of China (MEP), 2011. Emission Standard of
Air Pollutants for Thermal Power Plants, GB 13223-2011. China Environmental
Science Press, Beijing, China.

Ministry of Environmental Protection of China (MEP), National Development and
Reform Commision (NDRC), National Energy Admonistration (NEA), 2014. Ac-
tion Plan for Upgrading and Reforming Coal Power Conservation and Emission
Reduction (2014-2020), Beijing, China.

Ministry of Environmental Protection of the People's Republic of China (MEP),
National Development and Reform Commision (NDRC), National Energy
Admonistration (NEA), 2015. In: Work Plan for Fully Implementing Ultra-low
Emissions and Energy Conservation in Coal-Fired Power Plants, Beijing, China.

National Bureau of Statistics (NBS), 2016. China Statistical Yearbook 2015. China
Statistics Press, Beijing, China.

National Development and Reform Commission of China (NDRC), Ministry of
Environmental Protection of China (MEPC), National Energy Administration of
China (NEAC), 2014. The Upgrade and Transformation Action Plan for Coal-Fired
Power Energy Saving and Emission Reduction (2014�2020).

Tang, X., Zhang, Y., Yi, H., Ma, J., Pu, L., 2012. Development a detailed inventory
framework for estimating major pollutants emissions inventory for Yunnan
Province, China. Atmos. Environ. 57, 116e125.

Tian, H.Z., Liu, K.Y., Hao, J.M., Wang, Y., Gao, J.J., Qiu, P.P., Zhu, C.Y., 2013. Nitrogen
oxides emissions from thermal power plants in China: current status and future
predictions. Environ. Sci. Technol. 47, 11350e11357.

Tong, D., Zhang, Q., Liu, F., Geng, G., Zheng, Y., Xue, T., Hong, C., Wu, R., Qin, Y.,
Zhao, H., Yang, L., He, K., 2018. Current emissions and future mitigation path-
ways of coal-fired power plants in China from 2010 to 2030. Environ. Sci.
Technol. 52, 12905e12914.

Wang, S.W., Zhang, Q., Martin, R.V., Philip, S., Liu, F., Li, M., Jiang, X.J., He, K.B., 2015.
Satellite measurements oversee China's sulfur dioxide emission reductions
from coal-fired power plants. Environ. Res. Lett. 10.

Wang, S.X., Zhao, B., Cai, S.Y., Klimont, Z., Nielsen, C.P., Morikawa, T., Woo, J.H.,
Kim, Y., Fu, X., Xu, J.Y., Hao, J.M., He, K.B., 2014. Emission trends and mitigation
options for air pollutants in East Asia. Atmos. Chem. Phys. 14, 6571e6603.

Wu, J.Y., Zhou, C.Y., Xu, H.H., Huang, R., Mo, H., Zhu, J., Zhang, Q.Y., 2017. Study on
spatial-temporal variabilities of air pollution emissions from coal-fired power
generation industry in Beijing-Tianjin-Hebei region. Environ. Eng. 35 (8),
141e145 (in Chinese).

Xia, Y., Zhao, Y., Nielsen, C.P., 2016. Benefits of of China's efforts in gaseous pollutant
control indicated by the bottom-up emissions and satellite observations 2000-
2014. Atmos. Environ. 136, 43e53.

Yang, W., 2013. Study of Continuous Emission Monitoring System (CEMS) Applied to
Resources and Environment. Master thesis. Dalian University of Technology,
Dalian, China (in Chinese).

Zhang, L., Zhao, T., Gong, S., Kong, S., Tang, L., Liu, D., Wang, Y., Jin, L., Shan, Y., Tan, C.,
Zhang, Y., Guo, X., 2018. Updated emission inventories of power plants in
simulating air quality during haze periods over East China. Atmos. Chem. Phys.
18, 2065e2079.

Zhang, Q., He, K., Huo, H., 2012. Cleaning China's air. Nature 484, 161e162.
Zhao, B., Wang, S.X., Liu, H., Xu, J.Y., Fu, K., Klimont, Z., Hao, J.M., He, K.B., Cofala, J.,

Amann, M., 2013a. NOx emissions in China: historical trends and future per-
spectives. Atmos. Chem. Phys. 13, 9869e9897.

Zhao, B., Wu, W., Wang, S., Xing, J., Chang, X., Liou, K.-N., Jiang, J.H., Gu, Y., Jang, C.,
Fu, J.S., Zhu, Y., Wang, J., Lin, Y., Hao, J., 2017. A modeling study of the nonlinear
response of fine particles to air pollutant emissions in the Beijing-Tianjin-Hebei
region. Atmos. Chem. Phys. 17, 12031e12050.

Zhao, B., Zheng, H., Wang, S., Smith, K.R., Lu, X., Aunan, K., Gu, Y., Wang, Y., Ding, D.,
Xing, J., Fu, X., Yang, X., Liou, K.-N., Hao, J., 2018. Change in household fuels
dominates the decrease in PM2.5 exposure and premature mortality in China in
2005-2015. Proc. Natl. Acad. Sci. U.S.A. 115, 12401e12406.

Zhao, Y., Wang, S., Duan, L., Lei, Y., Cao, P., Hao, J., 2008. Primary air pollutant
emissions of coal-fired power plants in China: current status and future pre-
diction. Atmos. Environ. 42, 8442e8452.

Zhao, Y., Wang, S.X., Nielsen, C.P., Li, X.H., Hao, J.M., 2010. Establishment of a
database of emission factors for atmospheric pollutants from Chinese coal-fired
power plants. Atmos. Environ. 44, 1515e1523.

Zhao, Y., Zhang, J., Nielsen, C.P., 2013. The effects of recent control policies on trends
in emissions of anthropogenic atmospheric pollutants and CO2 in China. Atmos.
Chem. Phys. 13, 487e508.

Zhao, Y., Zhang, J., Nielsen, C.P., 2014. The effects of energy paths and emission
controls and standards on future trends in China's emissions of primary air
pollutants. Atmos. Chem. Phys. 14, 8849e8868.

Zheng, J.Y., Zhang, L.J., Che, W.W., Zheng, Z.Y., Yin, S.S., 2009. A highly resolved
temporal and spatial air pollutant emission inventory for the Pearl River Delta
region, China and its uncertainty assessment. Atmos. Environ. 43, 5112e5122.

https://data.epmap.org
https://doi.org/10.1016/j.envpol.2019.05.021
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref1
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref1
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref1
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref1
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref1
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref2
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref2
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref2
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref3
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref3
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref3
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref3
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref4
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref4
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref4
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref4
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref4
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref5
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref5
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref6
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref6
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref6
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref6
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref7
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref7
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref7
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref7
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref7
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref7
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref8
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref8
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref8
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref8
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref8
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref9
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref9
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref10
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref10
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref10
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref10
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref10
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref11
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref11
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref11
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref12
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref12
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref12
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref12
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref12
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref12
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref13
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref13
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref13
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref13
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref14
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref14
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref14
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref14
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref15
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref15
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref15
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref15
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref15
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref16
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref16
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref16
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref16
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref17
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref17
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref17
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref18
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref18
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref18
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref18
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref19
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref19
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref19
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref19
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref20
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref20
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref21
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref21
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref21
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref21
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref21
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref22
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref22
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref22
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref22
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref23
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref23
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref23
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref23
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref24
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref24
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref24
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref24
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref24
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref25
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref25
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref25
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref26
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref26
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref26
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref26
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref27
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref27
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref27
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref27
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref27
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref28
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref28
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref28
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref28
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref29
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref29
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref29
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref30
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref30
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref30
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref30
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref30
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref31
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref31
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref32
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref32
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref32
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref32
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref32
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref33
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref33
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref33
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref33
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref33
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref34
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref34
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref34
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref34
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref34
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref34
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref35
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref35
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref35
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref35
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref36
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref36
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref36
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref36
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref37
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref37
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref37
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref37
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref37
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref38
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref38
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref38
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref38
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref39
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref39
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref39
http://refhub.elsevier.com/S0269-7491(19)30633-5/sref39

	Benefits of current and future policies on emissions of China's coal-fired power sector indicated by continuous emission mo ...
	1. Introduction
	2. Methodology and data
	2.1. Study domain
	2.2. Emission estimations without and with CEMS data
	2.3. Evaluation of implementation of emission standards for power sector

	3. Results and discussions
	3.1. Emission factors
	3.2. Annual emissions of the coal-fired power sector
	3.3. Effects of emission standard implementation
	3.3.1. Flue gas concentrations “in compliance”
	3.3.2. Predicted “in compliance” emissions


	4. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


