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Abstract

Protecting the population from aerosol pollution relies on forecasts using models with aerosol composition, yet the
respective contributions of aerosol components are poorly known. In particular, the contribution of inorganic condensable
particulate matter (PM) to aerosols is likely to be underestimated in most models because condensable particulate matter
exceeds the amount of filterable particulate matter in emissions from stationary combustion sources. Moreover,
condensable particu-late matter is rarely included in current emission inventories. Here, we estimated the emissions of
inorganic condensable particulate matter from stationary combustion sources based on monitoring information in China.
Then we modeled the contributions of condensable particulate matter to simulated inorganic aerosols, e.g., sulfate,
ammonium, and nitrate by designing a series of sensitivity simulation scenarios. The results show that the estimated
emissions of inorganic compo-nents over mainland China are increased about five times after including inorganic
condensable particulate matter, for both 2014 and 2017. Specifically, taking into account the inorganic condensable
particulate matter, increased the average con-centrations of sulfate by 104%, ammonium by 10%, nitrate by 11%, and
PM, 5 by 21% for the Hangzhou site in December 2017. Similarly, the simulated average daily concentrations of sulfate
from December 3 to 31, 2017, more than doubled, increasing from 3.17 to 8.41 pg m~> for Gucheng, 7.70 to 16.75 pg m
=3 for Chengdu, 4.08 to 9.43 pg m~> for Lin’an, and 3.19 to 7.22 pg m™> for Dalian.

Keywords Condensable particulate matter - Inorganic aerosol - PM, 5 - Emission - Contribution - Simulated concentration

Introduction

Despite the improvements in PM, s, i.e., particulate mat-
ter with an aerodynamic diameter not exceeding 2.5 pm
pollution due to the implementation of emission control
policies from 2013 to 2017 by the Chinese government,
the annual average mass concentrations of PM, 5 still
exceed the Chinese National Ambient Air Quality Stand-
ards (35 g m™>) in some megacities with high levels of
sulfate (SO42_) and ammonium (NH,*) and gradually
increased nitrate (NO;™) concentrations (Tao et al. 2017).
The major inorganic compositions in PM, s are SO,*~,NH,*,
and NO;™, accounting for 30-50%, and they play an impor-
tant role in aggravating haze pollution (Reff et al. 2009;
Wang et al. 2019). Due to a greater reduction of SO, than
NO, (Liu et al. 2019; Zhai et al. 2021), the transition from

sulfate-dominated to nitrate-dominated PM, 5 pollution has
been observed during haze episodes (Xie et al. 2022). There
is a large gap between simulated and observed inorganic ion
concentrations, attributed to the missing formation mecha-
nisms of secondary inorganic aerosols in air quality mod-
els, including reactive nitrogen chemistry in aerosol water,
heterogeneous sulfate and nitrate production reactions, and
aqueous phase processes (Chen et al. 2016; Cheng et al.
2016; Gao et al. 2021; Shao et al. 2019). The adequate cap-
ture of observed peak concentrations is still challenging for
regional transport models.

Stationary combustion sources are an important emis-
sion source of particulate matter. Total particulate matter
includes filterable and condensable particulate matter. Fil-
terable particulate matter exists in solid or liquid phases,
while condensable particulate matter is in gas phase in flue
but condenses to solid or liquid state by dilution and cool-
ing after discharge into the ambient air (Feng et al. 2018).
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Condensable particulate matter contains organic and inor-
ganic fractions, and its species composition is similar to that
of submicron and ultrafine filterable particulate matter (Feng
et al. 2018). Recently, a number of studies have focused on
condensable particulate matter and found that its emissions
were much greater than that of filterable particulate matter
which have been effectively controlled by ultralow emission
standards, lower than 10 mg Nm™3 (Cano et al. 2017; Li
et al. 2017). Considering large emissions of condensable
particulate matter, it is necessary to explore their effects on
atmospheric PM, s.

Our previous study explored the contributions of organic
condensable particulate matter to organic aerosols and PM,
in China (Li et al. 2022). However, few studies used models
to explore the contributions of inorganic condensable par-
ticulate matter to PM, 5 and its inorganic components. The
inorganic condensable particulate matter mainly consisted
of water-soluble ions, e.g., SO42_, chloride (CI7), NH4+, and
NO;™, formed through the condensation of gaseous substances,
e.g., sulfur trioxide (SO;), hydrogen chloride (HCI), ammonia
(NHj;), and gaseous nitric acid (HNO;). Measurement results
suggested non-negligible emissions of inorganic condensable
particulate matter, even accounting for 50% to total condensa-
ble particulate matter (Li et al. 2017; Wu et al. 2020). These
condensable inorganic fractions may contribute to the for-
mation of water-soluble inorganic ions in PM, s (Wang et al.
2020). A recent study constructed a unit-based condensable
particulate matter emission inventory for industrial sources in
China, but lacked an assessment of its contributions to PM, 5
components (Wang et al. 2022). Since the current emission
inventory did not involve inorganic condensable particulate
matter, the effects of particulate matter emitted from stationary
combustion sources on PM, 5 were underestimated. This study
incorporated inorganic condensable particulate matter into the
emission inventory and quantify their effects on atmospheric
aerosols.

Experimental

Estimation of inorganic condensable particulate
matter emissions

The method for estimating inorganic condensable particu-
late matter emissions can refer to the estimation of organic
condensable particulate matter emissions, as detailed in Li
et al. (2022). The relevant emission information is summa-
rized in Table S1. Totally, 15 stationary combustion source
categories were identified. The concentration ratios of total
water-soluble inorganic ions in condensable particulate mat-
ter to filterable PM, 5 and percentages of inorganic ionic
components, e.g., SO,>~, CI~, NO;~, NH,*, Na*, K*, Mg**,
and Ca**, for these emission sources were calculated as fol-
lows in Egs. (1) and (2), with the results shown in Table S2.

- Erwsi(CPM)
P = 3, |70 x £ M
= Z [[E (FPM) x M]
e Cono 5(FPM)
E;1s(CPM) = E1ys1(CPM) X Perc_ion )

E1ws1 (CPM) denotes the emission rate of total water-sol-
uble inorganic ions in condensable particulate matter; Epy;; 5
(FPM) denotes the emission rate of filterable PM, s; Crygr
(CPM) denotes the concentration of total water-soluble
inorganic ions detected in condensable particulate matter;
Cpyio s (FPM) denotes the detected concentration of filterable
PM, 5; E;.,c (CPM) denotes the emission rate of each inor-
ganic ionic component; and Perc_ion denotes the percent-
age of each ionic component. Among these parameters, the
ratio of Crywgy (CPM)/ Cpypp 5 (FPM) was acquired from the
emission survey data. Epyy, 5 (FPM) was derived from PM, 5
emission rates in the currently used gridded anthropogenic
emission inventory. To be consistent with the source sectors
of the emission inventory, the collected stationary combus-
tion sources were classified and combined to power plants,
iron and steel plants, industrial boilers, cement plants, and
other industry processes. It was clear that the emission ratios
as well as percentage distributions of inorganic ions varied
with different source categories and measurement meth-
ods. The indirect dilution method usually monitored lower
concentrations of condensable particulate matter than the
dry impinger method. But a limited number of measure-
ment studies using dilution methods would make results
unrepresentative, so this study combined the values meas-
ured by these two methods. The bootstrapping and Monte
Carlo simulations were conducted to calculate the mean and
uncertainty ranges of Eqywg (CPM)/Epy, 5 (FPM) for the
above source categories. The detailed method description
is shown in Text S1.

Base model settings and simulation scenarios

In this work, the three-dimensional Community Multi-
scale Air Quality Model version 5.3.2 (CMAQv5.3.2)
modeling system was applied to simulate spatiotempo-
ral variations of chemical species (Yu et al. 2014; Wyat
Appel et al. 2021). The Weather Research and Forecast-
ing version 3.7 (WRFv3.7) model was applied to gen-
erate meteorological fields. The gridded anthropogenic
emission inventories for China in 2014 and 2017 were
provided by Emission Inventory of Air Benefit and Cost
and Attainment Assessment System (EI-ABaCAS) (Zheng
et al. 2019). The detailed introduction is shown in Text
S2. The simulation domain covered eastern and central
China (see Fig. 1a). For the base scenario, the simulations



were conducted with the input of previous emission
inventory. Then, the estimated emissions of water-solu-
ble inorganic ions in condensable particulate matter were
considered as a separate source input into the model.
Moreover, on the basis of the estimated uncertainty range,
two additional sensitivity cases were performed by reduc-
ing the emissions by 41% and enhancing the emissions
by 69%. The differences between these sensitivity cases
and the base case can indicate the contributions of inor-
ganic condensable particulate matter. Field observations
of water-soluble inorganic ions and PM, 5 concentrations
at multiple observation sites were used to evaluate model
results, as detailed in Text S3.

Results and discussion

Here, we collected condensable particulate matter (PM)
emission information and conducted sensitivity model
simulations in order to explore the effects of inorganic
condensable particulate matter on atmospheric inorganic
aerosols and PM, 5. The following sections present the
estimated emissions of inorganic condensable particulate
matter and contributions of condensable particulate mat-
ter to inorganic aerosols and PM, s.
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Fig.1 a Map of the modeling domain and locations of observa-
tional stations. The color shading represents the regional altitude.
The names of these stations and their latitude and longitude informa-
tion are as follows: Beijing (39°58' N, 116°22" E), Gucheng (39°7.8’
N, 115°48'" E), Dalian (38°54' N, 121°37.8" E), Chengdu (30°39" N,
104°2.4" E), Lin’an (30°18’ N, 119°44’ E), and Hangzhou (30°18.6’
N, 120°4.8" E). b Annual emissions of total water-soluble inorganic
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Emissions of inorganic condensable particulate
matter

Figure 1b shows the annual emissions of total water-soluble
inorganic ions in filterable particulate matter and condensable
particulate matter over China in 2014 and 2017. In the previ-
ous emission inventory with only filterable particulate matter,
the emissions of inorganic ions both approximately account
for 18% of filterable PM, s emissions for 2014 and 2017. The
estimated emissions of inorganic ions in condensable particu-
late matter were 8304.9 Gg for 2014 and 7075.0 Gg for 2017,
about four times higher than that in filterable PM, 5. Among
the five stationary combustion source sectors, iron and steel
plants contributed the most to emissions of inorganic ions, i.e.,
35% for 2014 and 43% for 2017, followed by industrial com-
bustion boilers, power plants, cement plants, and other indus-
trial processes. These results suggest that the consideration
of inorganic condensable particulate matter greatly increased
the emissions of water-soluble inorganic ions and contribu-
tions of stationary combustion sources. Then, with regard to
the percentage distributions of inorganic ionic components for
different source sectors (see Table S4), the most dominant ions
were SO42_ for power plants, industrial boilers, cement plants,
and other industry processes, C1~ for iron and steel plants and
other industry processes, and NH,* for cement plants.
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ions in filterable particulate matter and condensable particulate matter
over China in 2014 and 2017. PM, 5 (FPM) denotes filterable PM, 5.
TWSI (FPM) and TWSI (CPM) denote total water-soluble inorganic
ions in filterable and condensable particulate matter, respectively.
Note the increases of inorganic ion emissions and contributions of
stationary combustion sources after including inorganic condensable
particulate matter
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Fig.2 Observed and simulated hourly concentrations of SO,>",
NH,*, NO;~, and PM, 5 before and after including inorganic conden-
sable particulate matter a from December 3 to 31, 2017, at the Hang-
zhou site and b from December 3 to 27, 2017, at the Beijing site. ¢
Observed and simulated daily concentrations of SO,>~, NH,*, and
NO;~ during December 3-31, 2017, at Gucheng, Chengdu, Lin’an,
and Dalian sites. The base, inCPM, and obs denote base case with
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base obs

only filterable particulate matter, the case after including inorganic
condensable particulate matter, and observation data, respectively.
The 95% CI (confidence interval) represents the uncertainty range
of inorganic condensable particulate matter contributions caused by
uncertainty in emission estimates. Note the improvements of inor-
ganic ion simulations and better capture of observed peaks of SO,>~
contributed by inorganic condensable particulate matter
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Fig.3 Spatial distributions of the average concentrations of sulfate,
ammonium, and nitrate during December 3-30, 2017, with only fil-
terable particulate matter (base), with the inclusion of inorganic
condensable particulate matter (inCPM), and the difference between

Effects of condensable particulate matter
on inorganic aerosols

Concentrations of SO,>~, NH,*, NO;~, and PM, s in Decem-
ber 2017 were simulated with and without condensable par-
ticulate matter, and ground observations for cities in different

them (diff). The number in the upper left corner of each figure is
the value averaged over the study area. Note the varying degrees of
improvements of inorganic component concentrations over the study
region

regions of China were used to validate the simulation results.
The model evaluation results for hourly concentrations of
SO,>~, NH,*, NO;~, and PM, s are shown in Table S5. The
improvements in these species after the consideration of
condensable particulate matter contributions were observed
at these sites from the observed and simulated results. For



the Hangzhou site (see Fig. 2a), the hourly simulations of
SO,*~ showed large improvements of 0.02-15.64 ug m=,
closing the average gap between simulations and observa-
tions from —51.2% to 0.3%. The four observed peaks at
17:00 on December 4, 14:00 on December 7, 13:00 on
December 16, and 23:00 on December 30 were better cap-
tured. Considering uncertainties in estimated emissions,
the contribution ranges of condensable particulate matter to
average SO42_, NH4+, NO;™, and PM, 5 concentrations were
2.81-7.95, 0.31-1.14, 1.04-2.69, and 6.77-19.20 pg m~,
respectively. For the Beijing site (see Fig. 2b), the hourly
SO,*” concentrations increased by 0.07-11.41 pg m=,
improving the normalized mean bias from — 52.6% to 3.6%.
The average contribution of condensable particulate mat-
ter to PM, s concentrations was 4.51 pg m~>, reducing the
underestimation from 28% to 13%.

Figure 2c shows the observed and simulated daily concen-
trations of SO42‘, NH4+, and NO;™ at Gucheng, Chengdu,
Lin’an, and Dalian sites. After including condensable
particulate matter emissions, the average simulations of
S0,2~ were improved by 5.25, 9.06, 5.35, and 4.03 pg m~>,
respectively. Some high observations were also better cap-
tured, such as on December 14 and 28 for Gucheng, Decem-
ber 4 and 7 for Lin’an, and December 14 for Dalian. The
estimated contributions of condensable particulate matter
to daily NH,* and NO;~ concentrations were small, with
0.51, 1.87, 0.68, and 0.67 ug m~> to NH, and 1.18, 2.23,
2.01, and 0.74 pg m~ to NO,~ for these sites, respectively.
To sum up, these results demonstrate that condensable par-
ticulate matter was an important source for main inorganic
aerosols for cities located in different regions in China.

Regional contributions of condensable particulate
matter to inorganic aerosols and PM, ;

The regional effects of condensable particulate matter on
inorganic aerosol and PM, 5 concentrations averaged over
the period of December 3-30, 2017, are shown in Fig. 3.
In the base case, the simulated average concentrations of
SO,*" and NH,* over the study region were lower than
9 ug m~>. The NO;~ concentrations were significantly
higher than those of SO,*~ and NH,* for most of the study
area, consistent with the nitrate-dominated PM, 5 frequently
observed. After including inorganic condensable particu-
late matter, the simulations of SO42_ for most of the eastern
and central regions exceeded 8 pg m™. The contributions of
condensable particulate matter to SO,*~ concentrations over
most regions varied from 2 to 7 pg m~>. The contributions of
condensable particulate matter to NH,™ and NO;~ concen-
trations were all lower than 3 pg m=>. The PM, 5 simulations
were also improved (see Fig. S4), with contributions varied
in the range of 4-20 pg m~> for most areas. Overall, the

SO,*~, NH,*, and NO;~ simulations over the study region
showed varying degrees of improvements, with the largest
contribution mainly reflected in SO,*~ increases.

Conclusion

Here, we estimated inorganic condensable particulate mat-
ter emissions from stationary combustion sources in China.
Results show that the estimated emissions of total water-
soluble inorganic ions in condensable particulate matter over
mainland China were about four times higher than those
in filterable particulate matter for 2014 and 2017. Model
results suggest a reasonably better agreement with hourly
observations for inorganic ions and PM, s after including
inorganic condensable particulate matter for the Hangzhou
site in December 2017. The inorganic condensable particu-
late matter emissions contributed to the average improve-
ments of SO,>~, NH,*, NO;~, and PM, s concentrations by
4.74,0.58, 1.66 and 11.38 pg m~, respectively. Particularly,
some underestimated peak observations of SO,*~ were better
captured. Likewise, the average simulations of SO42_ were
improved by 5.25, 9.06, 5.35, and 4.03 pg m~> for Gucheng,
Chengdu, Lin’an, and Dalian, respectively. From the per-
spective of spatial distributions, the simulated concentra-
tions of SO,>~, NH,™, and NO;~ over the study region all
showed varying degrees of improvements, with the enhance-
ment of SO,*~ concentrations much greater than those of
NH,* and NO;~. This study suggests that condensable
particulate matter was a significant emission source and
improved the simulation performance of inorganic aerosols
and PM, 5. Our work stressed the necessity for controlling
condensable particulate matter emissions together with fil-
terable particulate matter.
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tary material available at https://doi.org/10.1007/s10311-023-01644-9.
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Supplementary Material

Text S1

For the source categories including power plants, iron and steel plants and industrial boilers, the optimal probability
distributions were first determined (see Table S3). Secondly, the statistical bootstrap sampling was applied to obtain the mean value
and 95% confidence interval for each source category, with the results of 2.88 (1.84, 4.30), 2.66 (0.75, 8.36), and 2.71 (0.96, 6.46)
for power plants, iron and steel plants and industrial boilers, respectively. Thirdly, the total uncertainty range (95% confidence level)
was calculated by running 10000 Monte Carlo simulations, which was —41% to 69%. However, the estimated uncertainty ranges
were only relevant to variability in Etwsi (CPM)/Epm2.5 (FPM) with different emission sources and measurement methods, and it did
not necessarily represent the overall emission uncertainty of total water-soluble inorganic ions in condensable particulate matter. A
limited number of cement plants and other industrial processes from these emission surveys of inorganic condensable particulate
matter cannot support the bootstrapping simulation, thus the calculated values of Etwsi (CPM)/Epm2.5 (FPM) for cement plant (0.65)
and glass plant (0.33) (see Table S2) were applied to these two source categories, respectively. The percentage distributions of
inorganic ionic components were calculated by averaging the percentages of each ion available from multiple sources in these
emission surveys, as summarized in Table S4.

Text S2

CMAQV5.3.2 was the most up-to-date release in July 2021, which contained the updated Carbon Bond gas-phase chemical
mechanism 6 (CB6) and a new seventh-generation aerosol module (AERO7).The meteorological inputs of initial and boundary
conditions for Weather Research and Forecasting simulations were derived from the National Centers for Environmental Prediction
Final Analysis reanalysis dataset with a temporal resolution of 6 h and spatial resolution of 1°x1°. The reliability of the Weather
Research and Forecasting model has been verified in our previous modeling studies (Wang et al. 2021; Zhang et al. 2021).
Anthropogenic emissions from other Asian countries were based on the Emissions Database for Global Atmospheric Research
(EDGAR): HTAP v2 (0.1°x0.1°). Biogenic emissions were calculated online on the basis of Biogenic Emission Inventory System
(Carlton and Baker 2011). Dust and sea salt emissions were calculated by an on-line windblown dust scheme (Choi and Fernando
2008) and the sea-salt acrosol algorithms (Gong 2003). For the years 2014 and 2017, the simulation periods were from 25 November
to 31 December 2017 and from 22 October to 14 November 2014, with the first 5 days for model spin-up to minimize the effects of
initial conditions, respectively.

To define particle size distributions in the CMAQ model, three modes were applied to represent particulate matter, including
Aitken with particle size between 0.01 and 0.1 pm formed by nucleation of gas-phase precursors, accumulation with particle size
between 0.1 and 1.0 um formed by the growth of much smaller particles, and coarse with particle size between 2.5 and 10 um. The
modeling parameters used to distribute total emissions to three size categories contained the weight fraction of each mode, the mode
geometric mean diameter, and the standard deviation representing lognormal distribution of each aerosol mode (Binkowski and
Roselle 2003; Murphy et al. 2021). By default, the weight fraction distribution of Aitken (0.1) and accumulation (0.9) was applied
to fine-mode particles.

Text S3

The hourly inorganic ion observations from 3 to 31 December 2017 located in Zijingang Campus of Zhejiang University in
Hangzhou, China (30°18.6" N, 120°4.8" E) were measured by Monitoring of AeRosols and GAses (MARGA 1S, Applinkon
Analytical B. V. Corp.) containing a sampling box and an analytic box with the method of ion chromatography. The hourly
concentrations of PM2.s were measured using TEOM 1405F-FDMS (Thermo Fisher Scientific, Co., Ltd., Waltham, MA, USA). The
detailed method descriptions can be found in (Xiong et al. 2021). For the hourly observations from 3 to 27 December 2017, at the
Institute of Atmospheric Physics (IAP), Chinese Academy of Science (39°58' N, 116°22" E) in Beijing, the PM2s mass
concentrations were measured by a Filter Dynamic Measurement System, and the concentrations of inorganic ions were measure
by an online gas and aerosol collector system combined with ion chromatography, as detailed in Liu et al. (2019). During the episode
from 27 October to 14 November 2014 at the IAP station, the hourly field observational data of PM2s and inorganic ions in PM;
were measured by Xu et al. (2015). The PMi/PMa:s ratio of 0.77 was used to calculate the observed concentrations of components
in PM2s (Li et al. 2017b). Moreover, the daily mean concentrations (9:00 a.m. to 9:00 a.m. the next day) of inorganic ionic species
in PMio in December 2017 at the CMA Atmosphere Watch Network (CAWNET) stations in Gucheng (39°7.8' N, 115°48" E),
Chengdu (30°39' N, 104°2.4’' E), LinAn (30°18' N, 119°44' E) and Dalian (38°54' N, 121°37.8' E) were measured every three days
by the Chinese Meteorological Administration using ion chromatography (Dionex 600 series) (Zhang et al. 2012). These cities are



located in different regions in China, including Beijing-Tianjin-Hebei, Chengdu-Chonggqing area, Yangtze River Delta and Northeast
China, and the regional division map can refer to Wang et al. (2021). Because the inorganic ions were measured in PMio, a factor
of 0.9 was used to calculate the observed concentrations of these ionic species in PMas. As for the spatial distributions, the PMzs
observations at 1488 national monitoring stations over our modeling domain were collected from the Chinese National
Environmental Monitoring Center (CNEMC).

Text S4

In 2014, the inorganic condensable particulate matter emissions from stationary combustion sources contributed to the
improvements of average SO4*, NHs", NOs~ and PM: s concentrations by 3.57, 0.66, 2.41 and 9.86 pg m>, respectively. The
observed peaks on 31 October were well captured after including inorganic condensable particulate matter. However, the simulated
concentrations of SO4*", NH4", and NOs~ were still underestimated on 14 November, which was probably caused by the
underestimation of our estimated inorganic condensable particulate matter emissions, the effects of meteorological conditions, or
model biases in chemical reactions or gas-particle partition for these inorganic sulfate, ammonium, and nitrate formation.

For Gucheng, there were two observed peaks with the concentrations of 26.76 ug m~> on December 14 and 48.85 pug m > on
December 28, the simulations were both greatly underestimated by 80% in the base case. After considering inorganic condensable
particulate matter emissions, the increases in SO+~ concentrations compared to the base case reached 10.53 and 17.18 pg m>, with
the underestimation reduced to 41 and 45%, respectively. When considering the uncertainty ranges of inorganic condensable
particulate matter contributions, the increases in SO42~ concentrations ranged from 6.32 to 17.30 on December 14 and from 10.23
to 28.46 ug m> on December 28, among which the maximum emission scenario even resolved 84% and 78% observations,
respectively. For Chengdu, some SO42~ observations, such as on December 7, 11, 14, 18, and 21, can be effectively captured after
including inorganic condensable particulate matter, with the simulations improved by 5.62 (3.30-9.52), 9.14 (5.36-15.51), 8.55
(5.06-14.36), 9.74 (5.79-16.41), and 13.08 (7.74-22.04) pg m >, respectively. However, the two maximum observations on
December 4 and 25 which were both over 30 pg m= were still underestimated, and this can be attributed to uncertainties in our
estimated condensable particulate matter emissions, or other missing SO42~ formation mechanisms. For Lin’an and Dalian, the daily
SO4* observations were lower than those in other cities during this study period, and our estimated inorganic condensable particulate
matter emissions caused an overestimation for these low observations. Nevertheless, some relatively higher observations, such as
on December 4 and 7 in Lin’an, and December 14 in Dalian, were well captured by including condensable particulate matter
emission.

Notably, our estimates of inorganic condensable particulate matter emissions from stationary combustion sources contained
uncertainties. Due to the lack of extensive measurement data of condensable particulate matter emissions from different sources and
regions over China, our construction of the inorganic condensable particulate matter emission inventory in the present study was
based on the ratios of Etwsi (CPM) to Epm2.5 (FPM) and the percentage distributions of inorganic ionic components derived from

limited source categories.
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Fig. S1 The observed and simulated hourly concentrations of SO4>~, NH4", NOs~, and PM> 5 during the episode from December 3
to 31, 2017 at the Hangzhou site before and after including inorganic condensable particulate matter emissions. The 95% confidence

interval (95% CI) represents the uncertainty range of inorganic CPM contributions caused by uncertainty in emission estimates.



obs base inCPM [ ]95%CI

30
20
15F

SO,

(ngm™) s} Y o~ A

25 1 (0)

NH4+ 15} .
(ngm>) 10 =

PM,s 150 .

(ngm™) 100
50

12/15 12/18 12/21 12/24 12/27

Date

12/3 12/6 12/9 12/12
Fig. S2 The observed and simulated hourly concentrations of SO4*~, NH4", NO3~, and PM: 5 during the episode from December 3 to
27, 2017 at the Beijing site before and after including inorganic condensable particulate matter emissions. The 95% confidence
interval (95% CI) represents the uncertainty range of inorganic condensable particulate matter contributions caused by uncertainty

In emission estimates.



inCPM

= obs base

40

30

SO
(ngm™)

NH,"
(Lgm™)

NO,”
(ngm™) ]

400

300
PMZ.S

_ 200 +
(ngm™)
100

0 1 1 1 1 1 1 1 1 1
1027 10/29  10/31 1172 11/4 11/6 11/8 1110 11712 11/14

Date

Fig. S3 The observed and simulated hourly concentrations of SO4*~, NH4*, NOs~, and PMz.s during the episode from October 27

to November 14, 2014 at the Beijing site before and after including inorganic condensable particulate matter emissions.



PM, s (base) PM, 5 (inCPM) unit: ug/m?3

50°N 50°N
110
45°N 45°N 100
90
40°N 40°N 80
70
35°N 35°N 60
50
30°N 30°N 40
30
25°N 25°N 20
10
20°N 20°N 4

105°E  110°E  115°E  120°E  125°E 105°E  110°E 115°E  120°E  125°E

Fig. S4 Spatial distributions of the average PM2.s concentrations during December 3—30, 2017 with only filterable particulate matter
(base) and with the inclusion of inorganic condensable particulate matter (inCPM). The colored dots denote the observation values
for different stations.



Table S1 Existing researches on inorganic condensable particulate matter (CPM) and filterable PMz.5s (FPM2.5) emissions.

CPM-inorganic ions Flue
FPM:s (mg/Nm?) gas
Emission CPM Measurement | Reference
Fuel APCD* (mg/Nm® volume
sources (mg/Nm?®) Methods s
) TWSI SO+ CI NOs~ NH4* flow
rate
power
coal SCR+ESP+FF+WFGD 1.04 12.94 6.63 EPA Method
plant
- 202/
heating coal WFGD 27.41 22.60 7.84 . (Hu et al.
ion
boiler coal FF+WFGD 9.29 22.55 3.84 2016)
chromatograph
industrial
. coal WFGD 46.58 35.81 18.55 y
boiler
0.98
TPM )
power LNB+SCR+ESP+FF +0.17 2.88 0.707 0.148 direct
coal 8.23+£3.36 )
plant +WFGD 1.06 3.59 1.036 0.268 condensation/
7.69+1.68
+0.53 (Hu et al.
heating 1.15 ion 2021)
. coal SCR+ FF+WFGD 42+1.3 1.3 0.725 0.029 0.161 0.183
boiler +0.08 chromatograph
gas power 0.14 y
gas LNB+SCR 1.99+0.79 1.36 0.375 0.909
plant +0.09
. 231406 indirect
iron and L
0.3 m’/h dilution
steel 1.2 . (Zhang et
) coal DFGD +FF+SCR 0.4 0.525 168.6 ion
coking 1.7 mg/kg al. 2020)
mg/kg t(coal)/ | chromatograph
plant
h y
3.084 0.17 0.622 0.052 dry impinger/
power SCR+ESP+WFGD+ o
coal 0.5 7.5/5.8/3.5 0.118 0.000 0.000 0.024 indirect
plant WESP o
0.039 0.018 0.012 0.014 dilution/
U | (Wang et
0.691 0.299 0.031 0.053 direct dilution
power al. 2020a)
ant coal SCR+ESP+WFGD 1.5 3/2/2.5 0.065 0.045 0.008 0.000
an
P 0.054 0.034 0.000 0.002 ion
power coal SCR+ESP+WFGD+ 0.3 5.5/1.5/4 1.767 0.046 0.143 0.020 chromatograph




plant WESP 0.000 0.034 0.003 0.029 y
0.005 0.005 0.000 0.005
0.777 0.018 0.061 0.000
power SCR+ESP+WFGD+
coal 1.4 2.5/1/2.5 0.210 0.000 0.000 0.000
plant WESP
0.054 0.005 0.009 0.008
4.164 0.632 0.096 0.029
power
ant coal SCR+ESP+WFGD 1.5 11/2.5/3 0.090 0.000 0.000 0.005
P 0.022 0.000 | 0.000 |  0.002
2.862 0.244 0.059 0.013
power SCR+ESP+WFGD+
coal 3.3 10/1.5/1.3 0.438 0.000 0.000 0.022
plant WESP
0.640 0.000 0.000 0.000
. 9.587 0.268 0.231 0.562
coking 24.5/1.2/0.
ot DFGD +FF+SCR 0.1 s 0.007 0.349 0.000 0.009
P 0.003 0.081 | 0.000 |  0.005
. 1.601 5.200 0.040 0.276
sintering .
ot ESP+ absorption tower 10.9 10/5/1.5 0.235 2.092 0.000 0.026
pran 0.000 0.039 | 0.007 | 0.015
waste 0.541 10.458 0.532 1.828 o
L . SNCR+SDFGD+ 0.5 19/0.5 dry impinger/
incineratio | househol . 0.018 0.093 0.001 0.053 o
DFGD+ activated carbon indirect
n power d garbage ) 0.835 14.158 0.510 3.861 o
adsorption+ FF 0.4 21/ 1.0 dilution/
plant 0.005 0.125 0.001 0.057
131784
EPA Method
waste o 0.87+0.1 | 19.044+3.67 | 4.229 0.541 0.532 1.828 m’/h
o ) municipa 202/
incineratio . SNCR+ SDFGD+ bag 300 t/d . (Wang et
1 solid ion
n power filter 105427 al. 2018)
waste 0.68+0.1 chromatograph
plant 9 21.094+3.32 | 5.7555 0.835 0.510 3.861 m’/h
300 /d Y
dilution and
condensation/
power SNCR&SCR+ESP+ ] (Zheng et
coal 1.14 3.75 0.15 0.37 0.2 220 t/h ion
plant FGD+ WESP al. 2018)
chromatograph
y
power coal SCR+ ESP+ GGH 1.1 7.9 0.122 0.0168 0.001 ISO 23210- (Lietal.




plant +WFGD+WESP 2 2009/ 2017a)
110 EPA Method
3.8 36.3 70 10 )
power | SCR+LLT-ESP mg/g 202/ (Qietal.
coa
plant +WFGD+WESP 3.8 31.8 45 40 8 2017)
10.1 40.8 50 60 5 ion
power SCR+LLT-ESP 3.5 48.7 12 10 chromatograph | (Lj et al.
coal )
plant +WFGD+WESP 7.8 35.2 11 L/min / ICP-MS 2019)
368810
0 Nm’/h
power SCR+LLT-ESP (Song et
coal 1.81 10.66 1.25 0.71 0.45 360.88
plant +WFGD+WESP al. 2020)
t(coal)/
h
1.4 6.66 2.82 0.09 0.02 0.15
power | SCR+ LLT-ESP+ 0.83 6.69 1.73 0.09 0.02 0.18 (Zhou
coa
plant WFGD+ WESP 1.14 8.93 2.81 0.09 0.01 0.18 2019)
1.77 6.66 3.86 0.08 0.01 0.11
0.45+0.0
12.7+1.44 0.067 230000
power 1 0.313+0.04 EPA Method
coal SCR + BH + SWFGD 142 + 0 Nm*/h
plant 5.25 7 201A/202/
g/t(coal) 0.036 275 t/h . (Luetal.
g/t(coal) ion 2019)
food 1.9+0.1 | 28.0+6.32 80000 | chromatograph
. 10.002+2.55 2.354+2.27
processing coal SCR + ESP + WFGD 20.1 307 6 5 Nm*/h y
plant g/t(coal) g/t(coal) 8 t/h
. ESP+ denitrification+ 0.000 468 t
sintering coke o 1.01 65.3 0.58 0.161 0.321
de-dioxin 8 flux/h EPA Method
coke coke 159t 201A/202/
. NA 0.37 89.7 2.551 0.927 0.175 0.851
making oven gas coal/h
- . (Yang et
blast mixed 166t ion
BH 0.16 3.84 0.0197 0.216 0.039 0.0084 al. 2015)
furnace gas steel/h | chromatograph
15.7t y
oxygen natural 0.023
BH 0.15 1.32 0.0333 0.1 0.0055 waste
furnace gas 5

steel/h




144t

electric arc natural CO convertor
0.28 2.02 waste
furnace gas + BH
steel/h
19.3+ 7.048 £ 3.439+
coal cyclone+ BH 27.2+3.49
2.94 1.419 0.014
90.8 + 3.791 + 0.284 +
wood wet scrubber 31.4+14.1
40.6 0.486 0.138
industrial . 30.657 6.231 + (Yang et
. heavy oil NA 28+56 | 163+62.8
boilers +4.29 2.810 al. 2018a)
) 2.486 +
diesel NA 0.273 7.67 0.384
0.265
natural 0.352 + 3.635+ 0.674 £
NA 7.02+3.1
gas 0.157 0.31 0.267
industrial 18.6+13.
) raw coal cyclone 22.7+5.61
boilers 7
industrial 3.83£1.0
. raw coal EP 3.92+1.08
boilers 5
- - EPA Method
industrial 3.51£3.2
) raw coal baghouse 8.61+4.03 201A/ 202/
boilers 1
power 0.84+0.1 . (Yang et
raw coal EP 5.96+2.21 ion
plants 8 al. 2018b)
chromatograph
industrial .
. heavy oil no 141+£76.1 | 242 £ 131 y
boilers
industrial . 22.6+5.2
) heavy oil cyclone 84.2 +38.1
boilers 8
industrial .
. heavy oil BH 2.31 3.16
boilers
] 1.75+0.1 20.30 GB/T 16157-
boiler coal SCR+ESP+WFGD 3.14 2.33 0.22 0.06 0.20
5 +1.51 1996/
) SCR+ESP+WFGD+WES EPA Method (Yuan et
boiler coal 3.0+1.99 | 26.0+£1.53 5.81 4.42 0.50 0.06 0.53
P 202/ al. 2021)
sintering 65.05 + 28.68
AS-WFGD+ESP 6.36 4.51 0.25 0.33 0.90 .
plant 1.73 +1.15 ion




incineratio FFs+ NID+ absorption 6.27+0.7 chromatograph

6.82 £0.55 4.01 1.06 1.49 0.34 1.08
n plant Tower 6 y
cement FFs+ NID+ absorption 5.91+0.7
5.41+1.59 3.87 1.73 0.06 0.16 1.83
plant tower 2
SCR+FFs+ NID+ 12.54+0.
glass plant . 8.49+0.76 4.16 1.34 1.43 0.65 0.62
absorption tower 5
biomass .
) ) SCR/SNCR+ Ultrasonic 1.72+0.7 25.50
combustio | biomass ] 5.95 1.05 1.70 1.06 1.59
. Dedusting 4 +1.50
n boiler
industrial ISO 23210/
. coal SNCR+EFIP+AFGD+UD 2.36 3.98 0.21 0.12 0.04 0.19 52.5th
boiler EPA Method
202/ (Wu et al.
industrial SNCR+BF+WFGD ion 2021)
. coal 1.37 27.01 0.19 0.18 0.10 130 t/h
boiler +WESP chromatograph
y

Note: Air pollution control devices (APCDs) include selective catalytic reduction denitration device (SCR), selective noncatalytic reduction (SNCR), electrostatic precipitator (ESP), gas—gas
heat exchanger (GGH), tube type gas-gas heat exchanger (MGGH), wet flue gas desulfurization (WFGD), wet electrostatic precipitator (WESP), low-low temperature electrostatic precipitator
(LLT-ESP), fabric filters (FF), baghouse (BH), seawater flue gas desulfurization (SWFGD), semi-dry flue gas desulphurization (SDFGD), electrostatic-fabric integrated precipitator (EFIP),
ammonia flue gas desulphurization device (AFGD), ultrasonic dedusting (UD), and bag filter (BF).



Table S2 The ratios of Crwsi(CPM) to Cpm2.5(FPM) and the percentages of inorganic ionic components (SO42", C17, NOs~, NH4",

Na*, K*, Mg?*, Ca*") in TWSI (CPM) from different emission sources obtained from current measurement studies.

Emission Crwsi(CPM)/
SO4* | CI” | NOs™ | NH4" | Na* | K* | Mg?" | Ca?* | Methods References
sources Cpm2.5(FPM)
6.38 (Hu et al. 2016)
2.94 25% | 5%
(Hu et al. 2021)
3.39 29% | 7%
10.53 59% | 3% 12% | 1% | 14% | 1% 1% | 10%
0.95 48% | 21% | 2% 4% | 18% | 0% | 0% | 6%
8.15 72% | 2% 6% 1% | 13% | 0% 1% | 5% (W ¢ al. 20202)
ang et al. a
0.83 67% | 2% 5% 15% | 1% 1% | 9% £
3.50 79% | 12% | 2% 1% | 3% | 0% | 0% | 2% EPA
1.21 72% | 6% 1% 0% | 10% | 0% 1% | 9% | Method
1.54 9% | 21% 11% 202 (Zheng et al. 2018)
Lfired 0.13 87% | 12% | 1% (Lietal. 2017a)
coal-fire
lant 1.61 43% | 24% | 15% 9% | 9% (Song et al. 2020)
ower plan
P P 2.46 82% | 3% 1% 4% 1% 1% | 8%
2.87 73% | 4% 1% 8% 1% 2% | 11% (Zhou 2019)
ou
3.26 76% | 2% 0% 5% 1% 1% | 13%
2.69 81% | 2% 0% 2% 1% 5% | 8%
2.61 27% | 6% 5% (Lu et al. 2019)
0.33 2% | 0% 0% 15% | 0% | 0% | 0% | 13%
0.14 31% | 21% | 4% 0% | 0% | 0% | 2% | 42%
0.38 0% | 30% | 3% | 25% | 0% | 0% | 11% | 31% | indirect (W ¢ al. 2020a)
ang et al. a
0.15 100% | 0% 0% 0% | 0% | 0% | 0% | 0% | dilution 8
0.07 91% | 0% 0% 5% | 0% | 0% | 0% | 4%
0.14 95% | 0% 0% 5% | 0% | 0% | 0% | 0%
as power
8 f . 9.71 28% 67% (Hu et al. 2021)
plan
EPA
4.86 13% 13% | 43% | 18% | 2% 1% | 10%
S > S > S > > > > | Method (Wang et al. 2018)
8.46 15% 9% | 67% | 7% | 0% | 0% | 2% 200
waste
cinerati 29.37 4% | 711% | 4% 12% | 5% | 1% | 0% | 3%
incineration
ant 49.79 4% | 711% | 3% 19% | 2% | 0% | 0% 1% W ¢ al. 20208)
ower plan ang et al. a
P P 0.37 10% | 50% | 1% | 29% | 0% | 9% | 0% | 2% | indirect 8
0.47 3% | 66% | 1% | 30% | 0% | 1% | 0% | 0% | dilution
1.09 53% | 15% | 0% | 29% | 1% | 1% 1%
15.21 45% | 16% | 3% 15% | 6% | 12% 2%
) EPA (Yang et al., 2015)
4.86 3% | 28% | 5% 1% | 39% | 23% 1% Method
etho
) d 2.50 9% | 27% | 6% 1% | 37% | 19% 1% 202
iron an
- 128.44 75% | 2% 2% 4% | 4% | 12% | 1% | 0%
steel plan
P 0.66 22% | 2% | 1% 4% | 0% | 2% | 0% | 0%
N N N N N (Wang et al. 2020a)
5.22 1% | 67% | 0% 2% | 0% | 29% | 1% | 0% | .
indirect
0.37 6% | 52% | 0% 1% | 5% | 4% | 32% | 0% o
dilution
1.75 (Zhang et al. 2020)
sinterin, EPA
8 0.10 71% | 4% 5% 14% | 1% | 1% | 2% 1% (Yuan et al. 2021)
plant Method




coal-fired 0.29 202
heating 04l (Hu et al. 2016)
boiler 1.13 56% 2% 12% | 14% (Hu et al. 2021)
0.40 (Hu et al. 2016)
6.50 81% 19% (Lu et al. 2019)
industrial 0.37 24% | 14% 5% 22% | 12% | 9% 1% | 13% (Wu et al. 2021)
u et al.
coal-fired 0.57 24% | 23% | 13% 0% | 22% | 10% | 1% 2%
boiler 1.79 74% 7% 2% 6% 8% | 0% 1% 2%
(Yuan et al. 2021)
1.94 76% 9% 1% 9% 2% | 0% 1% 3%
0.37 49%
wood-fired
) 0.04 7%
boiler
heavy oil-
e 1.09 20%
fired boiler (Yang et al. 2018a)
diesel-fired
] 9.11 15%
boiler
natural gas-
] 10.33 19%
fired boiler
biomass
combustion 3.46 18% | 29% | 18% | 27% | 1% | 0% 0% 1%
boiler EPA
incineration
fant 0.64 26% | 37% 8% 27% | 1% | 0% 0% 0% | Method (Yuan et al. 2021)
plan
202
glass plant 0.33 32% | 34% | 16% | 15% | 0% | 0% 0% 1%
cement
0.65 45% 2% 4% 47% | 2% | 0% 0% 0%

plant




Table S3 Probabilistic distributions with uncertainty ranges in the ratio of Etwsi(CPM) to Epm2.5(FPM) (95% confidence interval)
for each emission source category. Paral denotes the mean of In(x) for lognormal, and the shape parameter for Weibull. Para2
denotes the standard deviation of In(x) for lognormal, and the scale parameter for Weibull. Mean denotes the average of
Erwsi(CPM)/Erv2.5(FPM) derived from the statistical bootstrap simulation. The total uncertainty of emission was calculated by

running Monte Carlo simulations. These measurement data were derived from the references listed in Table S2.

Uncertainty ranges

Input parameters Emission sources Distribution type Paral Para2  Mean
(95% confidence level)
Power plants Weibull 0.84 2.61 2.88 (1.84,4.30)
Erwsi(CPM)
Iron and steel plants lognormal 0.13 1.27 2.66 (0.75, 8.36)
/Erm2.5(FPM)
Industrial boilers lognormal —0.01 1.41 2.71 (0.96, 6.46)
Total (—41%, 69%)

Table S4 The percentage distributions of inorganic ionic components in TWSI (CPM) for power plants, iron and steel plants,
industrial boilers, cement plants, and other industry processes. These percentage distribution data were derived from the references
listed in Table S2.

Emission sources Erws(CPM) SO+ CI”  NO:;~ NH4 Na* K* Mg*  Ca*
/Erm2.5(FPM)
Power plants 2.88 52% 13% 4% 15% 5% 1% 1% 9%
Iron and steel plants 2.66 22% 35% 2% 14% 11%  10% 5% 1%
Industrial boilers 2.71 40% 18% 9% 17% 8% 3% 1% 4%
Cement plants 0.65 45% 2% 4% 47% 2% 0% 0% 0%

Other industry processes 0.33 32% 34% 16% 15% 0% 0% 0% 1%




Table S5. Model evaluation statistics for hourly concentrations of SO4?~, NH4", NOs~, and PM2 5 during December 3-31, 2017 in
Hangzhou, December 3—-27, 2017 and October 27-November 14, 2014 in Beijing. inCPM denotes the case after including
inorganic condensable particulate matter. OBS and SIM denote the mean observed and simulated concentrations (ug m™>),

respectively. N, MB, NMB and R denote number of observations, mean bias, normalized mean bias, and correlation coefficient,

respectively.
Period City Species Cases N OBS SIM MB NMB R
base 9.33 4.56 —4.77 ~51.2% 0.65
SO , 660
inCPM 9.33 9.30 ~0.03 ~0.3% 0.64
N base o 1057 5.71 ~4.86 ~46.0% 0.64
December  Hangzhou ! inCPM 10.57 6.29 —4.28 ~40.5% 0.64
3-31,2017 China ) base 20.82 1525  —5.57 ~26.8% 0.62
NOs . 666
inCPM 2082 1691  —3.91 ~18.8% 0.63
base 9038 5410  —36.28 ~40.1% 0.63
PMzs . 679
inCPM 9038 6548 2490  —27.6% 0.61
base 3.56 1.69 ~1.87 ~52.6% 0.74
SO 364
inCPM 3.56 3.69 0.13 3.6% 0.72
base 2.29 1.84 ~0.45 ~19.8% 0.61
NH." . 365
December Beijing, inCPM 2.29 2.17 -0.12 ~5.3% 0.60
3-27,2017 China ) base 2.92 5.45 2.53 86.6% 0.83
NOs . 365
inCPM 2.92 5.94 3.02 103.5% 0.84
base 3092 2236  —8.56 ~27.7% 0.50
PMzs . 529
inCPM 3092 2687 4.0 ~13.1% 0.50
base 5.90 3.28 -2.62 ~44.4% 0.84
S04 , 443
inCPM 5.90 6.85 0.95 16.1% 0.86
N base a3 5.67 2.82 -2.85 ~50.3% 0.80
October 27— Beijing ! inCPM 5.67 3.48 ~2.19 ~38.6% 0.82
November 14, 7
2014 China No- base w1223 6.95 ~5.28 ~43.2% 0.81
’ inCPM 12.23 9.36 ~2.87 ~23.5% 0.85
base 6122 4087  —2035 -33.2% 0.84
PM: s . 410
inCPM 6122 5073  —10.49 ~17.1% 0.85
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