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ABSTRACT: Daily emission estimates are essential for tracking the dynamic
changes in emission sources. In this work, we estimate daily emissions of coal-
fired power plants in China during 2017−2020 by combining information
from the unit-based China coal-fired Power plant Emissions Database
(CPED) and real-time measurements from continuous emission monitoring
systems (CEMS). We develop a step-by-step method to screen outliers and
impute missing values for data from CEMS. Then, plant-level daily profiles of
flue gas volume and emissions obtained from CEMS are coupled with annual
emissions from CPED to derive daily emissions. Reasonable agreement is
found between emission variations and available statistics (i.e., monthly power
generation and daily coal consumption). Daily power emissions are in the
range of 6267−12,994, 0.4−1.3, 6.5−12.0, and 2.5−6.8 Gg for CO2, PM2.5,
NOx, and SO2, respectively, with high emissions in winter and summer caused
by heating and cooling demand. Our estimates can capture sudden decreases (e.g., those associated with COVID-19 lockdowns and
short-term emission controls) or increases (e.g., those related to a drought) in daily power emissions during typical socioeconomic
events. We also find that weekly patterns from CEMS exhibit no obvious weekend effect compared to those in previous studies. The
daily power emissions will help to improve chemical transport modeling and facilitate policy formulation.
KEYWORDS: emission inventory, air pollutant, CO2, power plant, high temporal resolution, CEMS, data fusion

1. INTRODUCTION
Temporally resolved emission inventories are essential for
atmospheric research and air quality management.1−3 How-
ever, emissions are usually estimated at an annual scale by
multiplying annual activity data by emission factors4,5 and are
then broken down into fine temporal resolutions via temporal
profiles at different scales (e.g., monthly, weekly, diur-
nal).1,2,4−7 Due to the lack of real-time emission measure-
ments, the temporal profiles tend to be empirically selected
weighting factors that consider temporal variations in activity
rates (e.g., fuel use, production rate, and traffic counts),8

sociodemographic patterns,1 source characteristics,9 or pre-
liminary field measurements,2 which might not always be able
to capture the fluctuations in emissions, especially for those
caused by unexpected socioeconomic activities or short-term
control policies. Moreover, such uncertainties originating from
temporal disaggregation of emissions could further propagate
into chemical transport models (CTMs).3,10−13

The power sector is the largest energy infrastructure in
China, whose energy consumption has surged in the past few
decades,14,15 leading to approximately one-third of China’s
CO2 emissions in recent years.5,16 Efforts have been made to
improve the temporal resolution of power emissions in China.
For example, monthly scale electricity generation adjusted by
the commissioned or decommissioned state of each power unit

is used to quantify monthly variations in power emissions in a
unit-level power plant emission inventory in China.17 Indicator
data such as power load curves are employed to indicate daily
or hourly dynamics of power emissions.1,18 Recent studies have
also attempted to estimate dynamically updated daily power
emissions,19−22 which are largely stimulated by the demand for
quantifying the evolution of emissions during fast-evolving
events (e.g., COVID-19 pandemic). Liu et al.19,20 used daily
coal consumption from six major power generation groups in
China to estimate daily updated power emissions. However,
the daily coal consumption data only covers 62 power plants in
China, and the activity indicator-based method is relatively
indirect and lacks independent evaluations against observa-
tions. Studies utilizing satellite observations to estimate daily
emission changes are faced with the challenges of differ-
entiating power emissions from the total21,23 or deriving daily
power emissions on continuous time scales.24,25 For example,
Ding et al.23 used the NOx emission reductions derived from
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satellite observations of a power-dominated province to
represent national changes caused by power plants during
the COVID-19 lockdown, which might introduce additional
uncertainties.
In the past decade, the Chinese government has mandated

that key polluting power plants must install the continuous
emission monitoring systems (CEMS) to provide real-time
measurements of pollutants (e.g., NOx, SO2, and PM) and
operational status of end-of-pipe control devices.26,27 In
developed countries such as the United States and Canada,
independently verified power emission rates from CEMS28,29

have been incorporated into emission estimations (e.g., the
National Emission Inventory)28,30 and used to investigate the
long-term or short-term trends of air pollution.31−33 In
addition, temporal profiles obtained from CEMS have been
applied to the temporal disaggregation of annual emission
totals before being input to CTMs.2,34 However, due to the
late start and quality concerns26,35 of CEMS in China, the
fusion of CEMS data into emission estimates is rare.
Recent studies estimated power emissions based on time-

varying emission factors derived from CEMS and statistical
activity data,36,37 or through the mathematical product of
measured concentration and flue gas volume from CEMS.38−42

Power emissions measured directly by CEMS in China
generally deviate from other power emission databases that
were based on statistical data and average emission
factors36−39,42 whose emission magnitude and trends have
been validated against satellite measurements and were proven
to be reliable.43−46 For example, Tang et al.36,37 found that
emission estimates based on CEMS from 2014 to 2017 are
considerably lower (19−92%) than other emission inventories.
The quality of CEMS data is largely untested in existing studies
and some works have reported possible downward biases in
China.26,35 In this case, using high-temporal-resolution profiles
from CEMS to improve the temporal resolutions of emission
inventories might be more reasonable than directly using
emissions derived from CEMS data.47−49

In this work, taking advantage of a well-validated unit-based
power emission database covering China and the high
temporal resolution of CEMS data, we attempt to construct
daily emission estimates of coal-fired power plants in China
based on multisource data fusion. Careful screening of outliers
and imputation of missing values are conducted for the flue gas
volume and emission data. Then, the plant-level daily profiles
(i.e., coefficients for day-to-day variations in a year) from
CEMS are combined with the unit-level annual emissions from

the China coal-fired Power plant Emissions Database
(CPED)15,17 to achieve daily scale estimation.

2. DATA AND METHODS
Figure 1 shows the methodology framework in this study, including
the input database and processes to fuse multisource data to derive
daily emission estimates of coal-fired power plant emissions.

2.1. Multisource Input Data
2.1.1. Unit-Level Emission Database of Coal-Fired Power

Plants in China. The CPED,17 developed by Tsinghua University, is
a high-resolution emission inventory that provides year-by-year
emissions from coal-fired power plants since 1990 in China.
Established based on detailed and unit-level information from the
Ministry of Ecology and Environment (MEE, undisclosed data),
CPED contains unit locations, operational status, unit capacity, coal
consumption, control technologies, and emission factors, which
enable accurate spatial allocation and emission estimates for power
plants. More details about CPED can be found in the paper by Liu et
al.16 Previous studies have verified that the magnitude and trends of
power emissions in CPED are in good agreement with top-down
estimates from satellite measurements.43,50 Liu et al.43 compared NOx
emissions in CPED with those based on satellite data and found
rather good agreement with the relative differences of 4 ± 18%.
CPED used here covers 30 provinces (except Hong Kong, Macao,
Taiwan, and Tibet), 3948 power plants, and 8722 in-use electricity-
generating units from 2017 to 2020.

2.1.2. Stack-Level Measurements of Power Emissions by
CEMS. The CEMS network in China is managed by the Environment
of supervision center of ministry of Ecology and Environment
(http://www.envsc.cn/). CEMS provides basic information (e.g.,
locations and sector) and stack-level hourly data (e.g., emission rates
of NOx, SO2, and PM, flue gas flow, oxygen content), which are
valuable for fine temporal-scale emission estimations. The CEMS
dataset used here covers 30 provinces (except Hong Kong, Macao,
Taiwan, and Tibet), 3146 power plants, and 5768 stacks during
2017−2020. It is worth noting that the CEMS dataset contains
outliers and missing values, although a series of technical guidelines
(e.g., HJ/T 75-2017,51 HJ/T 76-2017,52 and HJ/T 373-200753) have
been issued to guide the installation, operation, and management of
CEMS.

2.2. Combining CPED and CEMS to Obtain Unit-Level Daily
Emissions
In this work, we develop a framework that fuses plant-level daily
profiles from CEMS with yearly emission estimates from CPED to
obtain daily emissions (Figure 1). According to guideline HJ/T 75-
2017,51 the maximum volume fraction of CO2 emissions from the
combustion of specific fuels remains stable, so we use daily profiles of
flue gas volume that takes the oxygen content into account to describe
daily variations in CO2 emissions. Daily profiles of emission rates from
CEMS are used for major air pollutants of SO2, NOx, and PM2.5.

Figure 1. Methodology framework for fusing multisource data to derive daily emission estimates of coal-fired power plants in China.
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2.2.1. Mapping Power Plants in CPED with Those in CEMS.
The power plants in CPED are paired with those in CEMS and then
categorized into two groups: enterprises equipped with or without
CEMS. Although only 79.0% of the total number of power plants in
CPED could be matched with those in CEMS, they occupy 96.4% of
the total installed capacity, and 94.0, 95.3, 96.7, and 98.1% of SO2,
NOx, PM2.5, and CO2 emissions in the CPED during 2017−2020,
respectively (Table 1).

2.2.2. Preprocessing of CEMS Data. We remove outliers and
impute the missing values of flue gas volume and emission rates from
CEMS before calculating daily temporal profiles. Outliers including
negative values, zeros that are not recorded as outage status, and
extremely high values are all excluded. Extremely high values are
defined as those exceeding the theoretical maximum values per hour,
which are determined by the uncontrolled emission factors, installed
capacity, coal consumption per unit of electricity generation, and
theoretical flue gas volume per unit of coal consumption (see details
in the Supporting Information). Data missing in CEMS include nulls
in discrete hours and successive nulls lasting for several hours or days
owing to malfunction or abnormal conditions in the management and
operation of CEMS (e.g., invalid data communication).

Then, we use a stepwise method to impute the missing data,
considering the length of missing periods: (1) Imputation is first
conducted at the hourly scale and stack level. The missing hourly data
are linearly interpolated when the missing periods are less than 6 h.
Then, daily mean values are calculated for days with more than 12
valid hourly records. (2) Subsequently, the imputation is performed at
the daily scale. Average data on the same day of week or weekdays/
weekends in the same month are applied for each stack (eq 1)
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where Vstack,y,m,d′ refers to the imputed variables (i.e., flue gas volume or
emission rates) of stack stack for year y in month m on day d; Vstack,y,m,d di

represents the corresponding measured variables on day di from
CEMS; and di denotes the selected days used to fill the gaps in
missing data on day d, which are preferably the same day of week in
the same month or weekdays/weekends when data on a certain day of
week are all missing. For example, weekday average emissions in
September 2020 are used to interpolate the missing Monday’s data in
this month since the four Mondays’ data are all unavailable. (3) If eq
1 is still not workable, a method similar to step (2) but using data
from the other 3 years is implemented, considering the interannual
changes in coal consumption or emissions of the corresponding plant
from CPED (eq 2)
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where Vstack,ydk,m,d di
represents the measured variables of stack stack for

the other 3 years yk in month m on day di from CEMS; vplant,ydk
is the

annual coal consumption (for V = flue gas volume) or emissions (for
V = emission rates) from stack stack’s corresponding plant plant for
the other 3 years yk from CPED. Due to insufficient information to
pair the stack in CEMS with the unit in CPED, we use plant-level
rather than unit-level data from CPED to describe the interannual

changes. (4) If step (3) is not feasible, average data from other plants
with similar installed capacity in the same province are used (eq 3)
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where Vstack di,y,m,d denotes the measured data from other stacks whose
corresponding plants have similar installed capacity in the same
province for year y in month m on day d; vplant dp,y refers to the annual
coal consumption (for V = flue gas volume) or emissions (for V =
emission rates) from stack stacki’s corresponding plant plantp. For the
imputed variables during 2017−2020, the imputed periods by steps
(2), (3), and (4) account for 3.1−5.5, 6.3−9.1, and 2.6−5.2% of the
total days, respectively. (5) As existing information does not support
the mapping of stacks from CEMS with units in CPED, plant-level
rather than stack-level daily profiles from CEMS will be used for daily
emission estimations. Therefore, data from stacks in the same plant
are aggregated to the plant level, as depicted in eq 4

=V Vplant y m d
stack plant

stack y m d, , , , , ,

i

i
(4)

The above step-by-step imputation method might lead to
uncertainties, which are quantified by two sensitivity tests via different
imputation methods (see Section 4.2).

2.2.3. Estimation of Daily-Resolved Unit-Level Emissions.
We assume that units in the same plant from CPED exhibit similar
daily variations. For power plants equipped with CEMS, the daily
unit-based emissions are derived by multiplying the unit-level annual
emissions from CPED by corresponding plant-level daily profiles from
CEMS (eq 5)

= ×e e
V

Vunit y m d unit y
plant y m d

m d plant y m d
, , , ,

, , ,

, , , (5)

where e represents the emission data in CPED; V is the flue gas
volume (for CO2) or emission rates (for SO2, NOx, and PM2.5) from
CEMS; and the subscript unit and plant indicate the unit in CPED
and its corresponding plant in CEMS. For power plants without
CEMS, daily profiles from other plants with similar installed capacity
in the same province are used (eq 6)
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where plantp represents other plants with similar installed capacity in
the same province.
2.3. Relevant Statistical Data
Provincial thermal and hydropower generation at the monthly scale
from 2017 to 2020 are accessed from the National Bureau of Statistics
(https://data.stats.gov.cn/). The best available daily-scale data in
China are from the coal consumption reports from six major power
generation groups (i.e., Zhedian, Shangdian, Yuedian, Guodian,
Datang, and Huaneng), which cover 62 power plants, whose coal
consumption accounted for 12−13% of the national total in the power
sector during 2017−2020. Due to the suspension of data release
around July 2020, we obtain daily coal consumption from January 1,

Table 1. Summary of the Power Plants in the CPED Database Equipped with CEMSa

emissions (Gg)

year number of plants total installed capacity (MW) SO2 NOx PM2.5 CO2

2017 1912 (94.9%) 3501 (95.7%) 356 (94.6%) 3,472,528 (98.1%)
2018 3119 (79.0%) 1,065,758 (96.4%) 1665 (94.4%) 3351 (95.3%) 262 (96.7%) 3,635,448 (98.1%)
2019 1348 (93.3%) 3198 (95.2%) 224 (98.5%) 3,650,556 (98.1%)
2020 1213 (92.7%) 3025 (95.0%) 203 (98.5%) 3,623,965 (98.1%)

aNumbers in brackets represent the fraction of data in CPED.
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2017 to June 18, 2020 from the Wind Data Service (https://www.
wind.com.cn/).

3. RESULTS

3.1. Comparison of Emission Variations Derived from
CEMS with Relevant Activity Indicators

The fluctuation of emissions within a year is largely shaped by
variations in relevant activity rates, although changes in the
pollution control measures also contribute to the variations in
air pollutant emissions. We compare the provincial-level
monthly profiles based on monthly power generation with
corresponding profiles of flue gas volume (for CO2) or
emission rates (for SO2, NOx, PM2.5) aggregated from power
unit data from CEMS 2017−2020 and find good agreement.
Table S1 shows that the Pearson correlation coefficients (i.e.,
R) in most provinces (27 out of 30 for CO2; 25 out of 30 for
NOx; 16 out of 30 for SO2; and 18 out of 30 for PM2.5) are
greater than 0.7, which proves the reliability of monthly
profiles derived from CEMS. Flue gas volume is generally in
better agreement with power generation compared to emission

rates because it mainly depends on activity rates but emission
rates are also affected by pollution control technology.
We further compare daily profiles of flue gas volume or

emission rates with daily coal consumption from the six major
power generation groups in China in which 58 out of 62 are
equipped with CEMS. Figure S1 shows that they are in good
agreement, and the Pearson correlation coefficients range from
0.63 to 0.82, 0.40 to 0.81, 0.48 to 0.83, and 0.38 to 0.80 for flue
gas volume, SO2, NOx, and PM2.5, respectively. Since the flue
gas volume is not affected by emission control measures, it
could better characterize the daily variations in coal
consumption. Peaks and valleys (e.g., a sudden decrease
during the Spring Festival) of daily coal consumption are well
captured by CEMS, indicating that daily profiles from CEMS
are capable of reflecting high-temporal-resolution variations in
activity rates and emissions.
3.2. Daily Emission Patterns from the Fused Coal-Fired
Emission Inventory

Figure 2a−d presents China’s daily emissions of CO2, PM2.5,
NOx, and SO2 from the fused database. The CO2 emissions

Figure 2. Daily emission patterns of (a) CO2, (b) PM2.5, (c) NOx, and (d) SO2 from 2017 to 2020 in China. The light orange shades represent the
Spring Festival. (e−g) Maps of SO2 emissions from power units on January 10, 2017 (the date of maximum daily SO2 emissions during 2017−
2020), July 24, 2019 (the date of maximum daily SO2 emissions in summer of 2019), and February 9, 2020 (the date of minimum daily SO2
emissions during 2017−2020). The size and color of the circles represent the installed capacity and SO2 emissions, respectively. (h) Daily emission
estimates of CO2, SO2, NOx, and PM2.5 from a unit of Guangdong Guohua Taishan Power Plant from 2017 to 2020 as an example.
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increased slightly by 1.8%/yr (1.7−2.0%/yr) during 2017−
2020, while major air pollutants of PM2.5, NOx, and SO2
decreased continuously from 2017 to 2020 with mean annual
changes of −18.0%/yr (−18.2 to −17.8%/yr), −4.8%/yr (−5.0
to −4.7%/yr), and −15.6%/yr (−15.8 to −15.5%/yr),
respectively, demonstrating the efficacy of the ultralow
emission policy. Daily power emissions are in the range of
6267−12,994, 0.4−1.3, 6.5−12.0, and 2.5−6.8 Gg for CO2,
PM2.5, NOx, and SO2, respectively, with higher emissions in
winter and summer caused by larger heating and cooling
demand. The Spring Festival holiday (typically in January or
February) and the National Day holiday (in October) are
usually the times with the lowest daily power emissions within
a year. For example, the largest CO2 emissions were in
December and August during 2017−2020, with a monthly
average of 340 Tg, 33.9% higher than that in October and
February.
Figure 2e−g presents the unit-level SO2 emission map of

days with highest value during 2017−2020 (6.8 Gg) and in the
summer of 2019 (3.8 Gg) and lowest value during 2017−2020
(2.5 Gg), respectively. The lowest value was contributed by the
reduced human activities resulting from the Spring Festival
holiday and the COVID-19 lockdown. Consistently higher SO2
emissions were observed in the northwest and southwest
region, which are related to factors such as high-sulfur coal and
the longer implementation timeline of the ultralow emission
policy. Power units with high installed capacity dominated the
difference in the 3 days. Figure 2h presents an example of unit-
level daily emissions during 2017−2020, which show specific
temporal variation characteristics, such as the low emissions in
winter caused by the shutdown of certain units in the plant.
3.3. Daily Emission Variations Associated with Typical
Socioeconomic Events

3.3.1. Emission Estimates during COVID-19. To curb
the spread of COVID-19, the Chinese government imposed
stringent measures, such as locking down cities and closing
factories. From January 23 to April 8, 2020, Wuhan
experienced a 76-day lockdown (i.e., Wuhan lockdown) during
which energy consumption and pollutant emissions were
reduced drastically.19,21,54−56 Figure 3a shows the national
daily NOx emissions around the Wuhan lockdown and the
same period in previous years. As the beginning of the Spring
Festival is different in 2017−2020 according to the Western
solar calendar, we present daily emissions based on the
Chinese Lunar Calendar for direct comparisons between
different years. During 2017−2019, emissions decreased
during the Spring Festival holiday but soon recovered at the
end of the holiday, while the rebound of emissions in 2020 was
much slower owing to the continued impact of COVID-19.
For example, we compare 10-day averages before Lunar New
Year’s Day with daily NOx emissions after the day and find that
the NOx emissions exceeded the 10-day averages for the first
time on Lunar January 21, 11, 8, and 42 in 2017−2020,
respectively. During the Wuhan lockdown, NOx emissions in
Hubei Province showed the greatest decline (−37.1%)
compared to those in the same period in 2019, while the
proportion of other provinces was −11.3% (Figure 3b,c),
which was attributed to the earlier recovery of normal activities
in the regions outside Hubei. Notably, the NOx emissions of
Yunnan Province increased by 9.2%, owing to the decrease in
hydropower generation and increase in thermal power
generation caused by a drought (see Section 3.3.2).

3.3.2. Effects of a Drought on CO2 Emissions from
Thermal Power Plants in Yunnan Province. Yunnan is a
major hydropower-producing province, whose hydropower
generation and thermal power generation were 67.36 and 9.31
billion kWh from January to April 2019, accounting for 75.0
and 10.4% of its total power generation, respectively (http://
www.stats.gov.cn/). However, Yunnan experienced a severe
drought in 2020, which reduced hydropower generation by
28.6% (to 48.12 billion kWh) and increased thermal power
generation by 75.6% (to 16.35 billion kWh) compared to the

Figure 3. (a) Daily variations in China’s NOx emissions from coal-fire
power plants around Lunar New Year 2017−2020. The dark gray
shading around the blue line shows the range of daily NOx emissions
during 2017−2019. The light gray shading highlights the period of the
Wuhan lockdown. The x-axis represents the number of days relative
to the Lunar New Year’s Day. (b) Daily reductions in power plant
NOx emissions in Hubei and other provinces during the Wuhan
lockdown in 2020 compared to 2019. (c) Spatial distribution of the
reduction rates of NOx emissions from power units in 2020 relative to
2019. The shades in each province indicate the relative differences in
power NOx emissions, and the shaded circles represent the changes in
NOx emissions for each power unit. Gray shading indicates no valid
data.
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same 4 months in 2019 (Figure 4b). Daily CO2 emissions from
thermal power generation in Yunnan between January and
April were 61.2% higher than the same period in 2019 (Figure
4a). However, due to the impact of COVID-19, they were
reduced by 7.8% in the other provinces. The increase in coal
consumption caused by the drought in Yunnan offset the
reduction in activity rates resulting from the lockdown.

3.3.3. Impact of Emission Control Measures during
the 7th CISM Military World Games. To ensure good air
quality during great events, the government often adopts strict
temporary emission control measures whose effects on
emission dynamics need to be estimated. Here, we take the
7th CISM Military World Games as an example, which was
held in Wuhan from October 18 to 27, 2019. From October
13, Wuhan and the surrounding cities in Hubei Province began
to implement many air quality guarantee measures, such as
staggered peak production. As shown in Figure 4c,d, during the
emission control period, SO2 emissions in Wuhan experienced
a significant decline, which were estimated to be 42.1 and
30.2% lower than 1-week average before and after the emission
control period, respectively. For other cities in Hubei, the
decreases were also obvious (−21.2 and −11.1%), while the
changes in other provinces outside Hubei were minimal, with
an increase of 2.1% and decrease of 1.5%, respectively.

4. DISCUSSION
In this study, data from CPED and CEMS are fused to improve
the daily estimation of emissions from coal-fired power units in
China. The comprehensive, highly resolved emission database
could capture the dynamic changes in emissions during typical
socioeconomic events and could be applied to providing more
accurate inputs for CTMs and guiding future policies.

4.1. Assessment of Widely Used Temporal Profiles in
Previous Studies

In previous studies, monthly activity data (e.g., electricity
generation and fuel consumption)4 and invariable parameters
considering factors such as working times1,57 have been widely
used to disaggregate annual power emissions into monthly and
daily scales, respectively. Figure 5 shows comparisons of the
multiscale temporal profiles from CEMS with the widely used
temporal profiles. At the monthly scale (Figure 5a), the
comparison between national average profiles obtained from
CEMS and electricity generation shows good agreement (R
between 0.74 and 0.97). The results imply that the commonly
used activity indicators are reliable at monthly scale when
direct emission measurements are unavailable. At the weekly
scale, previous studies1,57 use fixed parameters that do not vary
over time to allocate emissions from weekly totals to daily
scales, considering the empirical production schedule and a few
observations, which tend to fail to reflect fluctuations caused
by unexpected events. Distinct weekly patterns of power
emissions in previous studies1,57 are presented in Figure 5b,
which are manifested as strong intensity of production
activities on weekdays and weak intensity on weekends.
Conversely, the weekly profiles from CEMS exhibit no obvious
weekend effects, showing that the widely used profiles might
exaggerate the differences between weekdays and weekends.
Indeed, in many developed countries,58 power demand on
working days is usually higher than that on weekends.
However, owing to different lifestyle, economic, and cultural
background, there is no significant difference in electricity
demand and power generation between weekdays and
weekends in China. And unlike peaking power plants (e.g.,
natural gas power plants and hydroelectric facilities), coal-fired

Figure 4. Effects of a drought on CO2 emissions from thermal power plants in Yunnan Province are presented in panels (a) and (b). The impact of
emission control measures on SO2 emissions during the 7th CISM Military World Games is shown in (c) and (d). (a) Relative changes in CO2
emissions in Yunnan Province and other provinces from 2019 to 2020. (b) Relative changes in hydropower generation and thermal power
generation in Yunnan Province from 2019 to 2020. Since January and February are usually combined in the statistical data released by the National
Bureau of Statistics, they are plotted as a whole here. (c) Daily SO2 emissions before, during, and after the emission control period in Wuhan, other
cities in Hubei, and other provinces except Hubei. The light gray shading covers the periods of short-term emission control. The daily emissions are
normalized to the value on October 6. (d) Relative changes in average SO2 emissions during the emission control period compared to the periods
before and after this period.
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power plants run throughout the week to provide baseload
power as constant and reliable sources of electricity.59

Evidence from satellite measurements also reflects that NO2
columns decrease largely on Saturday and especially on Sunday
in cities of North America, Europe, Australia, Korea, and Japan,
but no indications for the weekend effect can be found in
China.60,61

4.2. Uncertainties
Our study is subject to some uncertainties. First, daily profiles
of 829 power plants without CEMS are derived from other
plants with a similar installed capacity in the same province,
which are expected to be improved after the installation of
CEMS. In addition, we develop a stepwise interpolation
method for the missing flue gas volume and emission rates in
Section 2.2.2. To quantify the imputation-associated un-
certainties, we conduct two sensitivity tests in which we do
not impute the missing data (Exp1) or only use linear
interpolation for imputation (Exp2). As shown in Figure S2
and Table S2, different imputation methods have limited
influence on monthly and weekly temporal profiles at the
national and provincial level: The Pearson correlation
coefficients range from 0.90 to 0.98 for national scale and
from 0.61 to 0.92 for provincial level, which might be affected
by the percentage of missing data in different provinces (Figure
S3). In addition, the proportion of emissions obtained from
imputation to the total could be estimated from Exp1. An
uncertainty of −20 to −10% indicates that emissions from the
stepwise imputation account for a reasonable percentage in

total emissions. And the linear interpolation in Exp2 leads to
∼1% changes of the total emissions, proving that using
different imputation methods is robust.
Despite the limitations, our study offers a framework to

apply emission measurements from CEMS to improving the
temporal representation of emission inventories. Insight
obtained from this work could be extended to other sectors
(e.g., cement, iron, and steel). In the future, we expect to
develop a multisector dataset at the daily scale via data fusion
to facilitate atmospheric research and clean air policy
formation in China.

5. CONCLUSIONS
In this work, we estimate daily emissions from coal-fired power
plants in China during 2017−2020 through data fusion of a
well-validated unit-based power emission database and high-
temporal-resolution measurements from CEMS. A step-by-step
method is developed to screen outliers and impute missing
values for data from CEMS, and sensitivity tests show that
monthly and weekly temporal profiles by different imputation
methods are in good agreement (R = 0.90−0.98 for national
scale, R = 0.61−0.92 for provincial level). We find that the
temporal profiles from CEMS agree well with available
statistical data like monthly power generation and daily coal
consumption, with R greater than 0.7 for 16−27 out of 30
provinces at the monthly scale and R up to 0.83 at the daily
scale. Daily power emissions from the fused database are in the
range of 6267−12,994, 0.4−1.3, 6.5−12.0, and 2.5−6.8 Gg for
CO2, PM2.5, NOx, and SO2, respectively, during 2017−2020,
reflecting higher emissions in winter and summer caused by
heating and cooling demand and lower ones resulting from
holidays. Our estimates are also able to capture the sudden
changes in daily power emissions during typical socioeconomic
events, including the much slower rebound of power emissions
after the Spring Festival holiday due to the impact of COVID-
19, higher daily CO2 emissions from thermal power generation
in Yunnan owing to a severe drought, and significant decline of
power emissions in Wuhan caused by a short-term emission
control during the 7th CISM Military World Games. We also
find that previous studies (e.g., EDGAR1) that apply fixed
parameters to allocate weekly power emission totals to daily
scales exaggerate the differences between weekdays and
weekends. This work provides a framework to propagate
information from real-time emission measurements to high-
temporal-resolution emission estimates, which will support
dynamic emission tracking and air pollution modeling.
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