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Toxic potency-adjusted control of air pollution for

solid fuel combustion
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The combustion of solid fuels, including coal and biomass, is a main anthropogenic source of atmospheric particulate matter
(PM). The hidden costs have been underestimated due to lack of consideration of the toxicity of PM. Here we report the unequal
toxicity of inhalable PM emitted from energy use in the residential sector and coal-fired power plants (CFPPs). The incomplete
burning of solid fuels in household stoves generates much higher concentrations of carbonaceous matter, resulting in more than
one order of magnitude greater toxicity than that from CFPPs. When compared with CFPPs, the residential sector consumed
only a tenth of solid fuels in mainland China in 2017, but it contributed about 200-fold higher of the population-weighted toxic
potency-adjusted PM, ; exposure risk. We suggest that PM, .-related toxicity should be considered when making air pollution
emission control strategies, and incomplete combustion sources should receive more policy attention to reduce exposure risks.

anthropogenic emission source of particulate matter (PM)
that elicits adverse effects on air quality and human health'-*.
Solid fuels, including coal and biomass, have been widely used for
direct energy usage in industrial and residential sectors worldwide™.
As one of the largest consumers of solid fuels, the industrial sector
and particularly coal-fired power plants (CFPPs) have received far
more attention. PM emissions from CFPPs has greatly decreased in
the past few decades in many regions due to phasing out old units,
the upgraded emission control technology and strengthening poli-
cies enforcement’™. In contrast, the residential sector (including
household coal and biomass combustion), as the largest source cat-
egory of global PM, ; emissions'®", has been neglected for a long
time. Residential solid fuel combustion has caused severe air pollu-
tion'>", which has contributed to 31% to the total premature deaths
worldwide and can be even worse in developing countries*"’.
Toxic potency (the relative concentrations of different chemi-
cals or particulate samples to reach the same level of effect on a
given biological endpoint) of source-specific PM per unit mass
is an important metric along with mass emission in weighing the
exposure risks between emission sources. PM,; (PM with an
aerodynamic diameter less than 2.5pm) emitted from industrial
boilers and residential stoves varies widely owing to the large dis-
crepancies in real-world combustion practices and after-treatment
control levels”>. The PM-related toxic potency, which is shaped
by multiple combinations of chemical compositions, may be dispa-
rate between the residential sector and CFPPs. The harmful effects
resulting from solid fuel combustion have not been fully revealed
and are overlooked, especially in the residential sector, without con-
sidering aerosol-related toxicity. Substantial knowledge gaps exist
relating to how mixtures of chemical constituents, particularly toxic
components contained in PM, trigger the overall toxicity*. The lack
of PM-related toxicity data from real-world combustion limits the

| he combustion of solid fuels has been recognized as the main

current understanding of PM exposure and the devising of air pol-
lution control strategies.

This study proposes toxic potency-adjusted control of air pollu-
tion via considering toxicities of source-oriented PM, taking solid
fuel combustion in the residential and power plant sectors as an
example. The unequal toxicities, including estimations of oxidative
stress and cytotoxicity of PM, are revealed through field studies and
laboratory analysis. Field measurements of residential combustion
are conducted in northern and southern China, while field stud-
ies of typical units of CFPPs are conducted in northern and eastern
China. The quantitative assessment of PM toxicities, based on the
developed air benefit and cost and attainment assessment system
(ABaCAS) emission inventory and the weather research and fore-
casting model-community multiscale air quality (WRF-CMAQ)
model, provides further insight into revealing hidden risks from
source-oriented PM and devising air pollution emission con-
trol strategies. Field measurements and analytical approaches are
detailed in Methods and Supplementary Note.

Results and discussion

Real-world PM,; emission profiles. The emission factors (EFs)
(the quantity of pollutants released to the ambient air per unit of
fuel combusted) of PM, ; from household combustion are approxi-
mately 264 to 324 times higher than those from CFPPs that meet
the strictest ultralow emission (ULE) standards in China (Fig. 1a).
The PM, ; EFs for household coal combustion were estimated with
weighting factors for coal consumption (Supplementary Note 7).
The observed PM, ; EFs from residential combustion are consistent
with those reported in previous studies'******, including the PM,;
EFs obtained from nationwide field emission measurements con-
ducted in rural China recently*. Additionally, the obtained PM,
EFs for CFPPs are consistent with those reported in continuous
emissions monitoring systems (the real-time measurements of PM
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Fig. 1] Real-world PM, ; emission profiles. a, PM, ; EFs for the residential sector and CFPPs. The coloured points (yellow squares and green circles) are the
measured EFs of individual samples, while the red and blue diamond patterns represent anthracite and bituminous coals, respectively. Data are presented
as mean values +s.d. b-d, Relative mass distributions of PM, ; emitted from household coal combustion (b), household biomass combustion (¢) and CFPP
(d). Organic matter (OM) is estimated as organic carbon (OC) x 1.2; the elements include Al, Ca, K, Mg, Na, P, S, Si, Li, Be, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu,

Zn, Ga, Ge, As, Se, Rb, Sr, Mo, Pd, Ag, Cd, Sn, Sb, Cs, Ba, Pt, Au, Ti and Pb; an
elemental carbon. e,f, The mass concentrations of 16 PAHs per unit mass of
Cd and Pb) per unit mass of PM, s samples; data are presented as mean valu

emission concentration at CFPP stacks nationwide), which had
installed in over 95% of China’s power capacity by 2017 (refs.””).
The large discrepancy of PM,; EFs between the residential and
power plant sectors is consistent with previous studies?>***. The
relative distributions of chemical constituents of PM,; demon-
strate large differences between residential stoves and CFPPs
(Fig. 1b-d). Owing to the low combustion efficiency of residential
solid fuel burning, carbonaceous species including organic matter
and elemental carbon form the main components of residential
PM, s, comprising 83.1 + 6.5% of the total PM, ; emitted from house-
hold stoves. The mass fractions of organic matter and elemental car-
bon contained in PM, ; are 37.4-85.6% and 7.8-44.0% for household
burning emissions, respectively, while inorganic constituents (that
is, sulfate, nitrate, chloride and elements) are minor fractions of
household PM, ;. In contrast, CFPP-emitted PM, ; is dominated by
inorganic species (that is, water-soluble ions (WSIs) and elements),
which account for 82.3 +10.9% of the total PM, ; mass concentra-
tion, while carbonaceous species contribute only 6.7 +4.1% to the
total PM, ;. Sulfate and chloride are the dominant ions, respon-
sible for 25.4+11.9% and 17.9+5.7% of the total CFPPs PM,,
respectively. The observed compositions of PM, ; from residential
combustion and CFPPs are both consistent with those reported in
previous studies (Supplementary Table 1). Carbonaceous materi-
als dominate PM, ; emitted from the residential combustion, while
inorganic species are the main component of CFPPs PM, ;. Among
these chemical species, only minor fractions of these carbonaceous
materials and inorganic species (for example, polycyclic aromatic
hydrocarbons (PAHs) and metals) are often targeted and regarded
as key contributors to negative health effects.”**

There are large discrepancies in the emissions of 16
PM,-bound PAHs between the residential sector and CFPPs
equipped with advanced emission controls (Fig. le). The EFs of
16 PAHs of per unit mass of PM,; emitted from burning coal
(6.29+3.20mgg™) and biomass (13.0+6.1mgg™) in domestic
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d other WSIs include Li*, Na*, NH,*, K*, Mg?*, Ca%*, F-, Br~and PO,*. EC,
PM, s samples (e) and 10 toxic metals (f) (that is, V, Cr, Mn, Fe, Ni, Cu, Zn, As,
es+s.d. See Supplementary Table 2 for the PAHs and their abbreviations.

stoves are much higher than those of the PAHs emitted from
CFPPs (1.08 +£0.79 mgg™"). Compared with the PM, ;-bound PAHs
from CFPPs, the residential sector-emitted PAHs are much more
abundant in high-toxicity-potency PAHs (TEF greater than or
equal to 0.1), together contributing 39.0-45.9% of the total PAHs
(Supplementary Fig. 1a). In contrast, the EFs of ten priority toxic
metals (that is, V, Cr, Mn, Fe, Ni, Cu, Zn, As, Cd and Pb) per unit
mass of PM,; emitted from CFPPs (16.0+7.0mgg™") are greater
than those of metals emitted from burning coal (3.49+3.12mgg™)
and biomass (2.75+2.04mgg™") in domestic stoves (Fig. 1f). The
relative proportions of these metals in CFPP-emitted PM, ; exceeds
that in PM, emitted from residential solid fuel combustion by
roughly 4.6-5.8-fold with a large discrepancy (Supplementary
Fig. 1b), mainly due to the different metal contents of the solid
fuels®. However, the fuel-based EFs of the targeted metals from
the residential sector are more than 40 times higher than those
from CFPPs, while the fuel-based EFs of the 16 PAHs are more
than three orders of magnitude higher for the residential solid fuel
combustion than for CFPPs.

Unequal toxicity of emitted PM, ;. Figure 2a,b shows the corre-
sponding benzo(a)pyrene (BaP)-equivalent carcinogenic potency
(BaP,,) values of the total 16 PAHs and the Cr-equivalent carci-
nogenic potency (Cr,,) values of the ten toxic metals, respectively
(Supplementary Tables 2 and 3). The EFs of BaP,, per unit mass
PM,; emitted from household coal (0.78+0.44mgg™") and bio-
mass (1.12+0.53 mgg™") combustion are significantly (P=2x10"°)
higher than those emitted from CFPPs (1.41 +0.88 pgg™'), exceed-
ing the latter values by roughly 553- and 794-fold, respectively.
High-toxic potency species, including BaP, benzo(a)anthracene
and dibenzo(a,h)anthracene, dominated the BaP,, content in the
residential sector, accounting for 83.5-87.9% of the total BaP,,
In the CFPP-emitted PM,, samples, the top three species (that
is, fluoranthene, phenanthrene and anthracene) contributing to

195


http://www.nature.com/natureenergy

ANALYSIS NATURE ENERGY

a c
100 1,200
20
90 - ©
g ™ BaA o 1,000 - o
B BbF 80 - o]
S 15+ oloo
E HG BkF 70 L 9 — 800
TU) BaP : . | :'Oéoi\
| |
L (o))
E 1or e 60 . 600 - [
. DahA o .
& Other 50 |- i | L 0o !
3 | 1 v ]
05t 40 - L 140 - o
CFPP x 100 - i : = i |
T E r H ‘ !
r— . E 3 o) E 0 L
0 2 1 I 2 ! I
b 1L o ‘ ‘ B ‘ ‘
10 8 I | 5 100 - I |
Cr Bl cCd 10 - I I : I
L T | | |
100 ¢ As Pb i 1 I |
-~ Ni 8t Lo 8oF o
= 10 T / Eo ro
x T 6+ . 60F P
[0 = |
3 102 ¢ ‘)O/ ‘ ‘ ‘ :
g I o 40l Lo
[ 4 % I | I 1
3 100 / o o
O E &‘6 | | 20 ! |
L 2 r | | r | |
—
1074 ¢ / | | | |
E | |
BEg | (E |
—5 L
107 E [Z Household coal Household biomass [ : CFPP

Fig. 2 | Unequal toxicity of primary PM, ; emitted from solid fuel combustion. a,b, Toxic equivalent carcinogenic potency of PAHs (BaP,,) (a) and toxic
metals (Cr,,) (b) per unit mass of PM, s samples in household coal (HC), household biomass (HB) combustion and CFPPs. ‘Other’ includes Nap, Ace, Acy,
Flu, Phe, Ant, Flt, Pyr, Chry and BghiP (with toxic equivalence factors <0.1). ¢,d, EC, 5 (c) and IC,, (d) of PM, s samples emitted from the residential sector and
CFPPs; their values decrease with increasing toxicity. OS, oxidative stress and CT, cytotoxicity. The coloured points correspond to the toxicity of individual
samples, while the cyan and blue diamond patterns represent anthracite and bituminous coals, respectively. Data are presented as mean values +s.d.

BaP,,, together making up roughly 95.0% of the total BaP,,, are
less toxic species. Owing to the significantly (P=1x107°) higher
EFs of primary PM and PM-bound high-toxic potency PAHs from
the residential sector, the fuel-based EFs of BaP,, for the residen-
tial sectors are approximately five orders of magnitude higher than
those for CFPPs. These results indicate that exposure to house-
hold combustion-generated PM, ; has much higher carcinogenic
potency. The EFs of Cr,, per unit mass PM, ; emitted from CFPPs
(1.36+0.78 mgg™) are one order of magnitude higher than those
emitted from the residential sector. In contrast, the fuel-based total
Cr,, values for the residential sector are 7 to 16 times higher per
unit mass of solid fuel than those for CFPPs. These estimated BaP,,
and Cr,, values may have additional uncertainties because the
interactions among individual species have been ignored. Owing
to the large variation in chemical components, especially haz-
ardous species between residential and CFPP-emitted PM,, the
chemical-specific toxicity of PM, ; emitted from residential stoves
and CFPPs needs to be examined and quantified.

A significant inequality is exhibited in toxic potencies of pri-
mary PM, ; emitted from residential sectors and CFPPs, including
the oxidative stress (P=1X10"") and cytotoxicity (P=6Xx107"°)
(Fig. 2¢,d). The endpoints of triggered reactive oxidative species
(ROS) generation and cell viability in human lung cell lines (A549)
are reported as EC ; (the effect concentration resulting in a 1.5-fold
induction of intracellular ROS generation) and IC,, (the inhibitory
concentration resulting in 20% of cell viability decline) values. The
PM, ; toxicity increased with decreasing EC, ; and IC,, values. The
PM,; EC, values for household coal and biomass combustion are
8.1+3.0 and 3.7+2.3ugml™, respectively, which are nearly one
order of magnitude higher than that for PM, ; emitted from CFPPs
(72.0+7.3pugml™). The PM, ; IC,, values for household coal and
biomass combustion are 38.7 +-24.1 and 49.4 +22.7 ugml™', respec-
tively, which are roughly 19- and 15-fold greater than that of CFPP
PM,; (748 +213 pgml™). The result from the estimation of cellular
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toxicity indicates that primary PM, ; emitted from household solid
fuel combustion is much more toxic than that emitted from CFPPs.

The much higher toxic potencies of PM, ; emitted from house-
hold combustion are substantially attributed to the BaP,, of the
16 PAHs contained in PM,, the correlation coefficients between
the PM,; toxic potencies (oxidative stress and cytotoxicity) and
the BaP,, are 92% and 75%, respectively (Supplementary Fig. 2).
These high correlations suggest that the 16 PAHs or associated
organic chemicals play a vital role in PM, ;-associated unequal tox-
icity. PAHs, as the refractory fraction of organic carbon, are mainly
formed and released during incomplete solid fuel combustion pro-
cesses”. The relationship between BaP,, and the modified incom-
plete combustion efficiency (MICE), defined as 1 — MCE (modified
combustion efficiency) to characterize combustion completion,
suggests that toxic PAH emission is mainly determined by the com-
bustion process. The BaP,, values for household stoves are signifi-
cantly correlated (P=1.3x10"°) with the MICE and accounts for
90% of the variation in the BaP,, (Supplementary Fig. 3). The corre-
sponding linear fitting yields the equation as: BaP,,=16.04 X MICE-
0.33, where the MICE is an independent variable for BaP,,. Highly
incomplete combustion occurs when coal and biomass are burned
in domestic stoves (MICE values ranging between 3.7% and 10.6%).
The average MICE value for household stoves (6.7 +2.3%) is sig-
nificantly higher (P=4X107") than that for CFPP (0.03+0.02%),
indicating that the residential combustion process is substantially
incomplete compared to the industrial boiler combustion®.

The fractional contribution of targeted PAHs accounts for 64-97%
to residential PM,.-induced intracellular ROS (Supplementary
Fig. 4), which is estimated from the concentration addition reference
model”. The result further identifies that BaP,, originating from
an incomplete combustion processes dominates the toxic potency
of residential PM, ;. Most PAHs from household combustion, espe-
cially high-ring aromatics, exist in a PM, ;-bound state and thus trig-
ger a greater toxic potency. In contrast, the selected metals, which are
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Fig. 3 | Fuel consumption, PM, ; emissions and PM, .-related toxic potency-adjusted emissions. a-c, Solid fuel consumption (a), PM,; emissions (b)
and PM, c-related toxic potency-adjusted emissions (¢) conbributed from the residential sector and CFPPs. Blue and orange represent PM, ; emissions
and their related toxic potency-adjusted emissions from household coal (HC) and biomass (HB) combustions in 2017, respectively, while red represents
PM, .-related toxic potency-adjusted emissions from CFPPs in 2017. Data of PM, . emissions and their related toxic potency-adjusted emissions are

presented as mean values + 95% confidence intervals (in brackets).

known as key toxic components, dominate the overall contributions
to CFPP PM, ;-induced ROS generation (81+7%). Although pre-
vious studies suggested that metals and PAHs made similar con-
tributions to atmospheric PM-induced toxicity*»**=*", their relative
importance vary widely in toxicities of PMs from solid fuel combus-
tion in the residential sector and CFPPs. The much higher toxicity
of primary PM, ; emitted from the residential solid fuel combustion
can be mainly attributed to the incomplete combustion released
PAHs, while the toxicity of CFPP-emitted PM, ; is dominated by
toxic metals. The observed PM, ;-related toxic potencies can reflect
toxicities of PM, ; originating from these two source categories.

PM, ;-related toxic potency-adjusted emissions. The solid fuel
consumption, PM, ; emission and PM, ;-related toxicity- (includ-
ing estimations of oxidative stress and cytotoxicity) -adjusted
emissions contributed by the residential sector and CFPPs in
2017 in mainland China are demonstrated in Fig. 3. The total
amount of consumed solid fuels, including residential coal and
biomass as well as the primary PM, ; generated from the house-
hold combustion and CFPPs, were obtained from the ABaCAS
emission inventory developed at Tsinghua University'”**. Among
the two sectors, the residential sector consumes only 9.9% of the
total consumed solid fuel, among them 4.0% (61 million-ton coal
equivalents (Mtce)) and 5.9% (88 Mtce) are household coal and
biomass, respectively, while CFPPs account for most of the solid
fuel consumption at 90.1% (1,357 Mtce) (Fig. 3a). The house-
hold combustion-generated PM,; (82.8%, 64.0-89.4%) domi-
nates the overall PM, emitted from the solid fuel combustion
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for direct energy usage in the two sectors, while the proportion
of CFPP-emitted PM,; is relatively low (17.2%, 10.4-35.8%)
(Fig. 3b). Furthermore, the national PM, ;-related toxicity-adjusted
emissions (Supplementary Note 7) from the two sectors are domi-
nated by household-emitted PM, ;, with relative contributions of
98.9% (98.5-99.1%) and 98.8% (98.4-99.1%) for oxidative stress
and cytotoxicity, respectively. The contribution of CFPP-emitted
PM,. constitutes a small fraction of the nationwide PM,,
toxicity-adjusted emissions, with percentages of 1.1% (0.9-1.5%)
and 1.2% (0.9-1.6%) for oxidative stress and cytotoxicity, respec-
tively; these contributions can be considered negligible compared
to those from the residential sector (Fig. 3c).

The annual variations in solid fuel consumption, PM, ; emission
and PM, ;-related toxicity-adjusted emissions for the residential sec-
tor and CFPPs from 2005 to 2017 are illustrated in Supplementary
Fig. 5. For the residential sector, coal consumption fluctuated
slightly over the 12 years, and biomass consumption decreased
rapidly (by 62%) due to the rapid development of urbanization in
China, while coal consumption by CFPPs increased by 81% during
this period. However, owing to the high MICE and the lack of air
pollution control devices, the small fraction of solid fuels burned
in household stoves accounts for 76-83% of the overall PM, ; emis-
sions from national solid fuel combustion. Since Chinese CFPPs
have to meet the strengthening emission standards of local gov-
ernments, the overall PM, ; emissions from CFPPs have gradually
decreased especially after the implementation of ULE standards in
2014, even as relative coal consumption has increased. The total
contributions of CFPP-emitted PM, ; decreased steadily from 2005
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Fig. 4 | Spatial distribution of primary PM, ;-related oxidative stress adjusted exposure. a-d, Spatial distribution for the risk index of TPAE originating
from the residential sector in 2013 (a) and 2017 (b), and CFPPs in 2013 (c) and 2017 (d). e f, Relative contribution of CFPP-emitted PM, s to the overall

TPAE across the nation in 2013 (e) and 2017 (f).

to 2017, during which the relative contributions of CFPPs to oxi-
dative stress- and cytotoxicity-adjusted emissions decreased by
35.5% and 34.6%, respectively. The decrease rate of PM, ;-related
toxic potencies-adjusted emissions from CFPPs is substantially
larger than that from the residential sector. Consequently, the rela-
tive contributions from household-emitted PM,; to the national
PM, ;-induced ROS- and cytotoxicity-adjusted emissions have both
gradually increased.
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Although residential solid fuel consumption with high MICE
values decreases annually during this period, the exposure risk
burden of emitted PM,; remains steady and is dominated by the
contribution from solid fuel combustion, owing to their unequal
toxicities. The toxic potency-adjusted emissions contributed from
the residential combustion far exceeds the contribution from CFPPs
in mainland China. After ULE standards were introduced for CFPPs
in 2014, the relative contribution from CFPPs has decreased rapidly
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and could now be considered negligible. Furthermore, regional dis-
parities in solid fuel consumption by the two sectors can lead to
temporal and spatial variations in PM emissions and the associated
toxic potency-adjusted exposure to PM across the nation.

Household burning dominates toxic potency-adjusted PM expo-
sure. PM, . concentration and sector contributions were simu-
lated using the WRF-CMAQ model. The annual average PM,;
concentrations originating from the residential sector are much
higher than those from CFPPs in mainland China in 2013 and
2017 (Supplementary Figs. 6 and 7). The population-weighted
exposure (PWE) to PM,; is dominated by the residential sector,
which accounted for 90.0% (87.3-93.5%) and 92.4% (90.5-93.0%)
of the total PWE in 2013 and 2017, respectively (Supplementary
Table 4). TPAE is used as a metric for the risk index of the toxic
potency-adjusted exposure to PM,, including estimations of oxi-
dative stress- and cytotoxicity-adjusted exposure to PM, ; (TPAE
and TPAE;). Figure 4 demonstrates the spatial distribution of
TPAE, for the residential sector and CFPPs in 2013 and 2017.
Since 2014, China has implemented the strictest ULE standards for
CFPPs. Substantially higher intensities of TPAE for the residen-
tial sector than that for CFPPs are observed across mainland China
in both years (Fig. 4a,b). Much higher levels of residential TPAE
are observed on the Northeast China Plain, North China Plain and
the Sichuan Basin, especially in central Jilin, southern Hebei and
eastern Sichuan, since these areas are major agricultural regions
with lower urbanization rates and higher population densities than
other regions™. The variation in TPAE between residential coal
and biomass (Supplementary Fig. 8) is mainly attributed to the
geographical disparity and imbalance in regional economic devel-
opment, which has led to regional discrepancies in solid fuel con-
sumption, and the associated PM, ; emissions and their toxicities
(Supplementary Table 5).

The population-weighted TPAE originating from the resi-
dential sector predominates the total population-weighted
TPAE; across the nation throughout years, which had increased
from 99.4% (99.1-99.5%) to 99.5% (99.3-99.6%) over this period
(Supplementary Table 6), although the absolute population-weighted
TPAE for the residential sectors had decreased by 32%. The
population-weighted TPAE originating from CFPPs decreased by
52% during this period. The areas of high TPAEs from CFPPs are
distributed in northern and eastern China (Fig. 4c,d), especially in
the Shandong and Henan Provinces, where the concentrations of
CFPP stacks are the highest in the nation’. With the implementation
of the strictest emission standards for CFPPs in 2014, the relative
contribution of CFPPs to the overall TPAE in the two sectors has
decreased nationwide in 5years (Fig. 4e,f), and the highest reduc-
tions occurred in the Yangtze River Delta region. The tendency of
the TPAE; is highly consistent with that for TPAE across main-
land China (Supplementary Figs. 9 and 10).

The relative contribution of CFPP-emitted PM,. accounted
for approximately 0.5% of the total population-weighted TPAE in
2017. The results indicate that national mitigation strategies, mainly
focusing on CFPPs, may not mitigate the toxic potency-adjusted
exposure risks from residential energy use. The residential sector,
a more important anthropogenic source of population exposure
risks than previously thought, has been overlooked throughout the
years. Emissions from the residential energy use (that is, heating
and cooking) have the largest impact on premature mortality on a
global scale, especially in China and India‘. A nationwide study also
indicates that coal consumption in the residential sector resulted in
40 times higher premature deaths than in the power and industrial
sectors”. However, the results of the increased toxicity of residen-
tial combustion have not been reported in population-based stud-
ies. The missing link to epidemiological findings may increase the
uncertainties of the current estimation of aerosol toxicities for solid
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fuel combustion. Consequently, population-based cohort studies on
solid fuel combustion are expected to integrate with different toxi-
cological data to comprehensively estimate the population health
risks in the future.

Controls on PM emissions from the residential sector (mass
emission along with toxic potency) are urgently needed to relieve the
exposure risk from inhalable aerosols, especially in less-developed
regions of China. Since residential energy use are prevalent in devel-
oping countries (that is, India, Indonesia, Nepal, Ethiopia, Nigeria
and Kenya and so on)*'»**** and even highly developed regions (that
is, Finland and Netherlands)***’, residents living in these countries
may have higher toxic potency-adjusted exposure risk from resi-
dential emission than previously thought. Local and national gov-
ernments urgently need to take action to control substantial PM
emissions from incomplete combustion of residential solid fuels.

Since this study focuses mainly on primary PM emissions and
PM-related toxicity, the result may underestimate the adverse
effects from solid fuel combustion emitted PM without considering
the secondary PM transformed from gaseous pollutants from resi-
dential solid fuel burning*. In addition, PM-related toxicity based
on the intracellular estimation provides a screen of short-term
exposure and does not reflect the long-term exposure effect, which
may limit the comprehensive understanding of PM-associated toxic
effects. The estimation of toxic constituent-specific contribution to
the overall PM-related toxicity based on the concentration addition
model is likely to overlook the interacting effect of each individual
toxic compound in the mixture, particularly among metals, which
might influence the prediction accuracy. The limited field measure-
ments did not include all the biomass fuel and coal types of usage
in the residential sector, as well as the CFPP equipped with vari-
ous air pollution control devices across the nation, and this leads
to additional uncertainties in this study (Supplementary Note 9).
The observed toxic potencies of residential and CFPP PM, ; from
the current study may have uncertainties owing to the limited field
samples. More efforts are needed to investigate and explain the toxi-
cological properties for residential and CFPP PM, ;, as well as other
source-specific PM, ; across different areas. Future work also needs
to integrate secondary aerosols and their related toxicity into the
corresponding toxic potency-adjusted PM exposure. Furthermore,
broader health relevant biological endpoints (that is, immunotoxic
and genotoxic endpoints) based on both in vitro and in vivo tests
should be used and linked to human epidemiological data to explain
the PM-related toxic potency, thus aiming to comprehensively esti-
mate the health risks of solid fuel combustion. CFPPs are important
in highly developed regions including the USA, while residential
solid fuel consumption is not the leading pollution source in these
regions*'". The results observed in this study may not be applicable
to regions that do not show wide usage of solid fuels in the resi-
dential sector. Additionally, the health benefits and the cost-ben-
efit evaluation are not discussed in this study. Further studies are
expected to address these important issues.

Conclusions

This study proposes toxic potency-adjusted control of air pollu-
tion and reveals the unequal toxicities between PM, ; emitted from
solid fuel combustion. The much lower combustion efficiency of
the residential combustion results in much higher levels of PAHs
in residential energy use-generated PM,; and thus leads to much
higher PM, .-related toxicities, including estimations from oxida-
tive stress and cytotoxicity. When integrating the PM, ;-related toxic
potencywith the population-weighted PM, ; exposure, residential
PM,; dominates (99.4-99.6%) the overall population-weighted
toxic potency-adjusted exposure to PM,; especially in eco-
nomically underdeveloped regions. In contrast, CFPPs consti-
tute a minor fraction of the overall population-weighted toxic
potency-adjusted exposure to PM,; under the implementation of
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the strictest ULE standards, whose contribution can be negligible
nationwide. Considering EFs and national energy consumption in
2017, the residential sector consumed only one-tenth of solid fuels,
but contributed 218-fold (153-248) higher population-weighted
toxic potency-adjusted PM, ; exposure, when compared to CFPPs
in mainland China. The obtained results indicate that the expo-
sure risks caused by household solid fuel use are much higher than
those from CFPPs when taking PM, ;-related toxic potency into
consideration. Therefore, the exposure risk from residential energy
use warrants more attention. Further air pollution control poli-
cies need to focus on incomplete combustion sources, particularly
household solid fuel combustion in less-developed regions. As a
feasible countermeasure, the promotion of combustion efficiency
may mitigate hazardous constituent emissions and achieve health
benefits. Furthermore, it may be more effective to control air pol-
lution by integrating PM, ;-related toxic potency into regional PM, ;
standards.

Methods

Field sampling. There were 1,510 CFPPs in northern and eastern China in 2017,
accounting for 60% of total capacity across the nation’. Owing to severe air
pollution problem, the ULE retrofits have performed most frequently in north and
east regions”. The compliance rate with the ULE standards for CFPPs in northern
and eastern regions were 70% and 93% by 2017, respectively’. To investigate the
emission characteristics and toxic potencies of PM emitted from CFPPs under the
ULE standards, seven typical units located in northern and eastern China were
selected in the current study. The sampling information for the CFPPs is detailed
in Supplementary Note 1, Supplementary Fig. 11 and Supplementary Table 7. The
air pollution control measures taken in CFPPs are detailed in Supplementary Note
3 and Supplementary Tables 8 and 9. Bituminous coal (Supplementary Note 4

and Supplementary Table 10) was burned in these tested boilers during the field
measurements. PM, ; samples were collected from the stacks (Supplementary

Fig. 11) with quartz and Teflon filters according to US EPA methods 17 and 201A
(Supplementary Note 5 and Supplementary Fig. 12). The selected units were
operated at a stable generating load at over 75% of their capacity during each test.
Three successful tests were performed at each tested location in the selected units.
The field sampling method and the quality control methods for the industrial
emissions are also detailed in our previous study*.

The field sampling of household solid fuel combustion was carried out in
typical households in three villages in northern and southwestern China on the
basis of their commonly used fuel types (that is, bituminous coal, anthracite
coal, wood and crop residue) and stove types (that is, iron stoves, brick stoves
and three-stone stoves), which include the main types of solid fuel and stove
across the whole nation (Supplementary Note 2, Supplementary Table 10 and
Supplementary Figs. 13-15)**. Several widely used solid fuels, including three
types of bituminous coal, three types of anthracite coal, typical local wood and
four crop residues (that is, rice, wheat, corn and bean residue), were burned
during the field study (Supplementary Table 10). Six commonly used household
stoves, including two household heating stoves and four household cooking stoves
(that is, one three-stone stove, one new iron stove, one typical brick stove and
one old steel stove), were selected for the real-world experiments. All the stoves
except the three-stone stove were equipped with chimneys. Photos of the tested
stoves are presented in the Supplementary Figs. 14 and 15. The coal samples were
weighed to 5.0kg for each test of the iron stove, whereas the wood and crop residue
samples for the three-stone, iron and brick cooking stoves were balanced at 2.0
and 1.0kg, respectively. A schematic diagram of the sampling system is shown in
the Supplementary Fig. 16. For the household cooking and heating experiments,
the tested stoves remained in their usual locations in kitchens, while the chimneys
were replaced with shorter pieces to hold their outlets under an exhaust hood
equipped with an electric blower as a constant-volume system to dilute the emitted
flue gases. The diluted flue gases then passed through a vent pipe. The flow rate
(fixed at 1,320 m*h~') was measured by using an airflow capture hood (Kanomax
model 6710). The concentrations of gaseous species (CO, CO,, NO, and SO,)
were monitored via a flue gas analyser (Testo 350). Homemade samplers and
PM, ; cyclones (URG 2000-30EH) were used to collect total suspended particulate
and PM, ; samples. The PM samples were collected on quartz or Teflon filters
(Whatman) for the different analyses. Two parallel samples were collected on both
quartz and Teflon filters. Three successful measurements were performed for each
solid fuel and stove combination. The air pollution control measures taken in the
residential sector is detailed in Supplementary Note 3 and Supplementary Table 8.

Analysis approach. The EFs of PM, ; per unit of burned fuel were determined with
the direct mass weight method for household combustion and direct EF calculation
method on the basis of total flue gas flow and coal combustion rate for CFPPs
(Supplementary Note 7). The MICE was defined as 1 — MCE, MCE=A(CO,)/
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(A(CO,) + A(CO)), where A(CO,) and A(CO) indicate the molar amounts of CO,
and CO observed from field measurements with the corresponding background
levels subtracted, respectively. The MICE was used to quantify the incomplete
combustion efficiencies of the tested combustion processes.

The PM samples collected on the quartz fibre filters were used to determine
the carbonaceous fractions and 16 US EPA priority PAHs, while the PM samples
collected on the Teflon filters were used to measure the concentrations of WSIs and
elemental species (Supplementary Note 6), using the same formula as that used in
the previous study*. The conversion factor from organic carbon to organic matter
varied widely for different fuels. The value 1.2, commonly used for source-specific
PM samples™, was used as the conversion factor in this study. On the basis of
toxicity equivalency factors (TEFs), namely the ratios of the toxicities of individual
PAHs to the toxicity of BaP, the EFs of the PM, ;-bound BaP, were calculated to
estimate the cancer risk from the 16 PAHs contained in PM, ; samples. The TEFs
of individual PAHs were taken from a previous study*'. Sixteen US EPA priority
PAHs, their abbreviations and TEFs are listed in the Supplementary Table 2. The
EFs of PM, ;-bound Cr,, were examined to evaluate the carcinogenic risk from ten
selected metals contained in the PM, ; samples. The TEFs of the identified metals
were estimated on the basis of carcinogenic risk parameters cited from the US EPA,
as listed in the Supplementary Table 3.

A549 cell lines were used to investigate PM, ;-related toxic potency. PM, 5
samples were extracted with methanol, and the solvent was dried with purified
nitrogen. A 2,7’-dichlorofluorescein diacetate (DCFH-DA) assay and a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-trazolium bromide (MTT) assay
were used to determine the intracellular ROS generation and cell viability caused
by exposure to PM, ; extracts, respectively. The optical density was determined at
570nm, and the fluorescence intensity was detected at 488/525 nm via a microplate
reader (Varioskan LUX, Thermo Scientific). The details of the procedures can be
found in previous studies’*.

Development of the emission inventory. The emission inventory for China
during 2005-2017 was developed on the basis of a bottom-up method and the
emission of power plants and key industrial processes were quantified by a
unit-based approach, the same as our previous studies'**”. For domestic coal and
biomass combustion, we considered rural and urban areas separately, although
both included combustion for heating, cooking and hot water production. For
coal combustion, in urban areas, we considered district heating, coal boilers and
coal stoves, while in rural areas, we considered only coal stoves. For biomass
combustion, we considered biomass stoves and biogas stoves. The activity data,
that is energy consumption for domestic combustion, were collected from an
array of sources, including statistical yearbooks and surveys. For power plants,
the emission inventory was developed with a unit-based method. For 2017, the
PM emissions from 3,193 power plants were quantified; a detailed method for
the calculation of the unit-based emission inventory is presented in a

previous study*‘.

Estimation of toxic potency-adjusted PM, ; exposure. The WRF-CMAQ model
was used to simulate the concentrations of ambient PM, ;. The simulation period
included the entire year for both 2013 and 2017. Four scenarios (baseline scenario,
no household coal (NoHC) scenario, no household biomass (NoHB) scenario

and no electricity (NoELE) scenario) were designed to estimate the ambient

PM, ; concentration originating from the residential sector and CFPPs. The
baseline scenario was simulated with the WRF-CMAQ model and the updated
ABaCAS emission inventory. The NoHC, NoHB and NoELE scenarios were
simulated on the basis of the emission inventories without primary PM emissions
from household coal, household biomass or CFPP from the baseline scenario,
respectively. The difference between the baseline scenario and the sum of the
NoHC and NoHB scenarios was used as the estimation of the contribution of

the residential sector to the ambient PM, ; concentrations, while the difference
between the baseline scenario and the NoELE scenario was used as the estimation
of the contribution of CFPPs to the ambient PM, ; concentrations. The model
performance was evaluated by comparing the simulated parameters with
on-the-ground observations (Supplementary Note 8 and Supplementary Table

11). The comparisons of source apportionment results of ambient PM, ; from the
two sectors in China with other studies are shown in Supplementary Table 12.
Aiming to evaluate the source apportionment in this study, two extra simulations
for each scenario and year to constrain the bounds on the basis of the uncertainties
of the emission inventory and WRF-CMAQ model have been conducted. The
uncertainties of the PM, ; emissions from CFPPs, household coal burning and
household biomass burning were assessed by 10,000 Monte Carlo runs on the basis
of the probability distribution of the activity data, the efficiency of the control
measures and the share of each end-of-pipe control technology (Supplementary
Note 9 and Supplementary Table 13). The PWE was defined as:

1
PWE = ﬁZPi x G,

where P is the total population, and P, and C, are the population and ambient
PM, ; concentrations in each geographic unit (i), respectively. PM, ;-related toxic
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potency, including estimations of oxidative stress (OS) and cytotoxicity (CT),
were used as metrics for the TPAE. The risk index for TPAE and TPAE., were
estimated as TPAEq;=C; X OS; and TPAE..=C, X CT,, where OS; and CT, are the
toxic equivalent values of PM, ;-related oxidative stress and cytotoxicity in each
geographic unit (i), respectively; which were estimated on the basis of the toxic
units of PM, ;-related oxidative stress and cytotoxicity (Supplementary Note 7
and Supplementary Table 5). The population-weighted TPAE; and TPAE were
estimated as PWE, X OS, and PWE, X CT, (Supplementary Table 6). The uncertainty
of the toxic potency-adjusted emissions includes both the uncertainties of the
emission inventory and the toxicity test results, while the uncertainty of the toxic
potency-adjusted exposure to PM, ; includes the uncertainties of the source
apportionment results and the toxicity test results.

Data availability
All data needed to evaluate the conclusions are present in the paper and/or the
Supplementary Information. Source data are provided with this paper.

Code availability

WRF and CMAQ are open-source models. The source codes are available on their
release websites (https://github.com/NCAR/WRFV3/releases and https://github.
com/USEPA/CMAQ/releases).
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