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HIGHLIGHTS

e O3 formation in Changzhou was in the VOCs-limited regime.

e O3 formation was most sensitive to xylene and propene at Changzhou.

o Traffic-related emissions was the dominant sources VOCs in Changzhou.

e Reduction ratio of VOCs/NOx should be above 1.6 to curb O3 pollution in Changzhou.

ARTICLE INFO ABSTRACT
Keywords: Surface ozone (O3) pollution has become a prominent air quality problem in the Yangtze River Delta (YRD)
Ozone

region of China in recent years. Since Os is non-linearly related to its precursors (volatile organic compounds
(VOCs), nitrogen oxides (NO,)), identifying the characteristics of VOCs is significant for the control of O3
pollution. In this study, online observation of ambient VOCs from August to October 2018 was conducted at 2
sites in Changzhou, an industrial city located in the central YRD region, to investigate the O3 pollution char-
acteristics, sources of VOCs, and their roles in O3 formation. The average concentration of VOCs in Changzhou
during the observational period was 39.52 + 23.14 ppb. Alkanes, oxygenated VOCs (OVOCs), and halocarbons
were the main contributors to the total VOCs concentration, with the average relative contributions of 39.4%,
23.1%, and 16.1%, respectively. An observation-based model (OBM) was used to investigate the sensitivity of O3
formation to VOCs and NOj. Results of relative incremental reactivity (RIR) of individual VOC and empirical
kinetics modeling approach (EKMA) showed that the Oz formation in Changzhou was within the VOCs-limited
regime. Anthropogenic VOCs with the largest RIR values were xylenes and propene, respectively. The positive
matrix factorization (PMF) model was applied to quantitatively identify the sources of VOCs. Six factors were
resolved, including vehicle exhaust, gasoline evaporation, paint and solvent usage, electronic manufacturing,
petrochemical industry, and biogenic source & secondary formation. The average relative contribution of traffic-
related emissions to the total VOCs mass concentration was about 49.5%, followed by electronic manufacturing
(22.9%), paint and solvent usage (14.7%), and petrochemical industry (7.1%). The average relative contributions
of individual sources for xylenes and propene were further compared. Xylenes were mainly emitted from paint
and solvent usage (60%), electronic manufacturing (17%), and vehicle exhaust (16%). Petrochemical industry
(67%) and vehicle exhaust (30%) were the major sources of propene. Therefore, VOCs from industrial emissions
and traffic-related emissions should be given priority for the control of O3 pollution in the central YRD region.
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1. Introduction

Surface Og is mainly from the photochemical oxidation of VOCs and
NO, (Tan et al., 2018). Understanding the roles of VOCs and NO, in O3
formation is the basis for formulating effective O3 control measures.
Therefore, it is necessary to determine the nonlinear relationship be-
tween O3-VOCs-NO,. The OBM is a commonly used method for Og
sensitivity analysis and is an important supplement to the air quality
model which investigates O3-VOCs-NO, relationship based on emissions
inventory. Some O3-VOCs-NO, sensitivity studies using the OBM model
have been carried out in the YRD region (Zhang et al., 2021, 2022).
Results show that the main controlling factor of O3 formation varied in
different cities. The formation of Og in the urban area of Shanghai was in
the VOCs-limited regime (i.e. reduction of VOCs will decrease the O3
concentration, and reduction of NO, will have little impact on Og or
even increase Os concentration), while O3 formation in the suburbs
without obvious local sources tend to be in the transition regime (i.e. the
reduction of VOCs or NO, will both reduce the O3 concentration) (Lin
et al., 2020). O3 formation in the urban area of Hangzhou is also in the
VOCs-limited regime (Zhang et al., 2020). Different from Shanghai and
Hangzhou, the O3 formation in the urban area of Nanjing is in the
transition regime (Wang et al., 2020a), while O3 formation in the in-
dustrial area is mainly controlled by VOCs (Fan et al., 2021).

Compared to NO,, which is mainly from combustion processes, VOCs
sources are more complex. VOCs can be directly emitted from anthro-
pogenic sources and biogenic sources, and can be produced by photo-
chemical oxidation (Tan et al., 2018; Whalley et al., 2021). This would
cause challenges for understanding VOCs sources and formulating O3
control measures. The positive matrix factorization (PMF) model is
widely used to analyze VOCs sources based on observations (Zhang
et al., 2021; Zhao et al., 2020). For example, the PMF-resolved results
suggest that the ambient VOCs in Shanghai from May 20, 2017 to May
30, 2017 are mainly emitted from traffic-related emissions (48%) (Liu
et al., 2019), which is higher than that in Nanjing for the whole year of
2016 (37%) (Wang et al., 2020b) and Hangzhou from August 24, 2016
to September 6, 2016 (13.8%) (Zhang et al., 2020). Industrial emissions
contributed 61% to the concentration of VOCs in Nanjing, which was
higher than those in Shanghai (23%) and Hangzhou (14%).

Changzhou is one of the cities with the most serious O3 pollution in
the YRD region. The daily maximum 8-h averages (MDA8) Os in
Changzhou in 2020 was 167 pg/m>, higher than that in Shanghai (152
pg/m>) (https://sthj.sh.gov.cn/, last access: 2021), Hangzhou (151 pg/
m®) (http://epb.hangzhou.gov.cn/, last access: 2021), Huzhou (160 pg/
m®) (http://hbj.huzhou.gov.cn/, last access: 2021), Zhenjiang (164 pg/
m®) (http://sthj.zhenjiang.gov.cn/, last access: 2021), and Hefei (144
pg/m>) (https://sthjj.hefei.gov.cn/, last access: 2021), lower than Naj-
ing (168 pg/m>) (http://hbj.nanjing.gov.cn/, last access: 2021), and
Wuxi (171 pg/ms) (http://bee.wuxi.gov.cn/, last access: 2021). An
emission inventory study shows that the VOCs from anthropogenic
emission in Changzhou in 2015 has reached 11.5 x 10* t/year, with the
largest relative contribution from the manufacturing-related industry
(72%) (Xia et al., 2018). In this study, the online observation of VOCs,
O3, and NO, were conducted in Changzhou for about 2 months in the
summer and autumn of 2018. After analyzing VOCs concentration
characteristics, O3-VOCs-NO, sensitivity was then investigated using
the OBM model and VOCs sources were quantitatively identified using
the PMF model. These findings can provide a scientific basis for the
prevention and control of ambient VOCs and Og pollution in the central
YRD region.

2. Methodology
2.1. Observations of VOCs and other trace gases

Online observations of ambient VOCs and other trace gases (e.g.,
NO,, O3, CO) were conducted from August 24 to October 11, 2018, and
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the time resolution is 1 h. Fig. 1 shows the geographical locations of 2
sites, which were named as S1 site (119.93°N, 31.91°E) and the S2 site
(119.99° N, 31.81° E), respectively. The S1 site was mainly surrounded
by residential areas, but close to arterial roads (nearly 1-2 km). The S2
site was located in a typical central urban area, mainly surrounded by
residential areas and commercial districts. These two sites were selected
to compare the O3 formation mechanisms in urban and suburban areas.

In this study, ninety-nine VOC species, including 28 alkanes, 11 al-
kenes, acetylene, 17 aromatics, 33 halocarbons, 7 OVOCs, and 2 others
were detected by an online cryogen-free automatic gas chromatograph
system. The system contains two channels. In one channel, C2-C5 hy-
drocarbons were separated and detected by a flame ionization detector
(FID). In the other channel, halocarbons, OVOCs, and C6-C12 hydro-
carbons were separated and detected by a mass spectrometry detector
(MSD). More detailed analytical methods, parameter settings, and
quality assurance/quality control (QA/QC) procedures of this system
have been described by Wang et al. (2014). The method detection limits
(MDL) of this system ranged from 0.002 ppbv to 0.046 ppbv. The
determination coefficients (R%) of the calibration curves for the target
VOC species were all greater than 0.999. In addition, online observa-
tions of O3, NO, and NO; were measured by the UV photometric O3
analyzer (APL, Model 400E) and the chemiluminescence NO-NOy-NO,
analyzer (API, Model 200E), respectively.

2.2. Models

2.2.1. OBM model

In this study, the relationship between O3 formation and its pre-
cursors (VOCs, NO,, and CO) was analyzed by a 0-dimension box model
developed by Cardelino and Chameides (1995). Apart from photo-
chemical production, subsidence of ozone from the aloft residual layer
may also contribute to the increase in the morning. However, the
0-dimensional model did not consider the vertical transport of O3, which
will cause some uncertainty to the results. But if we mainly focus on the
near surface photochemistry, the OBM can provide some insights into
the O3 formation. The drawing method of EKMA curve is as follows:
20%20 scenarios are set, and the minimum is reduced to O and the
maximum is increased to 1 with 5% interval of their average value (Lu
et al., 2022). The RIR of each precursor is calculated by the following
equation:

(Po,-no(X) = Po,-yo(X — AX)) /Po,_yo(X)

RIR(X) = AS(0)/S(X) (€3]

where Po3—No is the net production of Og, including the consumption of
reaction with NO. S(X) represents the source function for a specific
precursor X. AX represents the change of X concentration caused by the
change of S(X) (ie. AS(X)). In this study, the time interval between
07:00-19:00 of each day was chosen for the simulation of O3 formation,
and the hourly average values of VOCs, NO, NO3, O3, CO, and temper-
ature were used as inputs. The ratio of AS(X)/S(X) was set as 10% for the
RIR calculation (Lu et al., 2010; Wang et al., 2020a). And there was a
sensitivity analysis performed for the RIR calculation while the ratio of
AS(X)/S(X) was set as 5%, 10%, 15%, and 20%. As shown in Fig. S1,
NO, was most affected by changes in the ratio of AS(X)/S(X), followed
by AHC, while NHC and CO hardly change with changes in the ratio of
AS(X)/S(X). S1 in SI showed more details about the sensitivity analysis.

2.2.2. PMF model

The PMF model (Version 5.0) developed by the U.S. Environmental
Protection Agency (EPA) was used for VOCs source apportionment. The
detailed descriptions of the PMF model can be found in its User’s Manual
(EPA, 2014). In general, PMF was a multivariate factor analytical tool,
which decomposes the measurement data into the source profiles matrix
and the source contributions matrix. Species selection for PMF is
generally based on the following principles: (1) Select VOCs species that
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Fig. 1. Locations of VOCs online measurement sites (S1 and S2) in Changzhou.

can indicate a particular source of pollution (e.g., propane is a tracer for
LPG sources); (2) These VOC species were mainly selected based on their
higher ambient concentration levels, indications for sources, and signal
versus noise (S/N) values greater than 5 (i.e. S/N > 5). Twenty-six VOC
species were input into the PMF model for VOCs source apportionment,
including 10 alkanes, 3 alkenes, acetylene, 6 aromatics, 3 halocarbons,
and 3 OVOCs (Fig. 6). The sum of the 26 VOCs concentration accounts
for 80.4% of the VOCs concentration, indicating that these 26 VOCs can
reflect VOCs main situation. As shown in Fig. S2, the photochemical
reaction was not significant during the observation period. Therefore,
we did not perform photochemical reaction correction for VOCs to
calculate its initial concentration, which would bring some uncertainty
to the PMF results. We described this part in detail in S2 of SI
Furthermore, when determining the factor numbers of PMF resolution, 4
to 10 factors were tested. According to the change of Qobyst, When the
number of factors increased from 5 to 6, the Quobust decreased signifi-
cantly. When the number of factors increases from 6 to 7, the decrease of
Qrobust 1S not obvious. When the factor numbers were set more than 6,
one of the resolved factors would be decomposed into multiple factors
that could not be explained by a single source. Therefore, the final
number of factors was set as 6.

3. Results and discussion
3.1. Characteristics of VOCs, O3, and NO

Fig. 2 compares the average concentrations of VOCs, O3, and NO, at
2 sites during the online observation. Overall, the average concentra-
tions of ambient O3, NO,, and VOCs at S1 and S2 are relatively close. The
average concentrations of O3 and NO, at the S1 site were 77.0 + 50.1
ng/m> and 40.1 + 24.9 pg/m3, respectively, which were slightly lower
than the average concentration of Oz (83.2 + 48.7 pg/m>) and NO,
(43.4 £19.5 pg/m3) at the S2 site. The average concentration of VOCs at
the S1 site was 41.2 + 25.2 ppbv, which was slightly higher than that for
the S2 site (37.8 £+ 21.1 ppbv).

From the perspective of chemical compositions of VOCs, the relative
contributions of 7 VOC categories at these 2 sites are also similar. Al-
kanes were the largest contributor to the total VOCs concentration, with
the relative contributions ranging from 42.9% to 44.7%, followed by
OVOCs (16.9%-17.0%), halocarbons (13.3%-15.7%), and aromatics
(11.5%-15.2%). The relative contributions of alkenes and acetylene are
less than 10%. For individual VOC species, the top three abundant VOC
species were propane, acetone, and ethane, with average concentrations
in the ranges of 4.55 ppbv-4.65 ppbv, 4.09 ppbv-5.00 ppbv, and 2.30
ppbv-2.54 ppbv, respectively. In addition, the sum of relative contri-
butions of these three species contributes 23.0%-32.2% of the total
VOCs concentrations.
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Fig. 2. The average concentration levels of O3, NO,, and VOCs (top) and
relative contributions of 7 VOCs categories to total VOCs concentrations at the
S1 (left-bottom) and S2 (right-bottom) sites during the online observation.

3.2. Diurnal variations of VOCs, Oz, and NOy

Fig. 3(a—c) shows the average diurnal variations of concentrations for
O3, NO,, and VOCs at 2 sites during the online observation period.
Ambient O3 concentrations show lower values in the morning and
evening, then gradually increase after sunrise and reach the peak value
at about 15:00 and then decrease gradually. In contrast with Os, the
average diurnal variations of NO, and VOCs concentrations both show a
"U-shaped" pattern. Their concentrations are higher in the morning and
evening and exhibit peaks nearby 7:00-8:00, which are consistent with
the traffic rush time in the morning, implying the possible influence of
traffic-related emissions. The lowest concentrations of NO, and VOCs
occurred at 13:00-14:00, which may be due to the increase in boundary
layer height, the faster turbulent mixing processes, and the rapid con-
sumption of VOCs due to strong photochemical reactions at noon.

Fig. 3(d—j) shows the diurnal variations of alkanes, alkenes, acety-
lene, aromatics, halocarbons, and OVOCs. The concentrations of al-
kanes, alkenes, acetylene, and aromatics all show a U-shaped diurnal
variation pattern, with higher concentrations in the morning and
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evening, and lower values during 13:00-14:00. Although halocarbons other VOC categories, average concentrations of OVOCs during each
show a similar diurnal variation pattern with nonmethane hydrocarbons hour maintain a stable level, indicating the possible influence of sec-
(NMHCs), their variation range is lower than those for NMHCs, which ondary formation besides primary emission. It should be noted that the
may be related to its relatively weak chemical reactivity. Different from concentrations of alkanes, alkenes, acetylene and aromatics at S1 were
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Fig. 4. (a) The average RIR values for NOx, NHC, AHC, and CO and (b-c) the EKMA curves at 2 sites.
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higher than that at S2. According to the wind rose plots of each VOCs
group, relatively higher level of alkanes, alkenes, acetylene and aro-
matics were concentrated when wind speed was less than 1 m/s, sug-
gesting that the local emissions of alkanes, alkene, acetylene and
aromatics were stronger at S1 than that at S2 (Figs. S3-5). Previous
studies have shown that vehicles emit OVOCs (Liu et al., 2009).
Geographically, S2 is closer to the road than S1, and is located at a
crossroads. Therefore, S2 is more susceptible to the morning rush hour
traffic.

3.3. Roles of VOCs in O3 formation

3.3.1. Og sensitivity to VOCs and NO,

In this study, online measurements of O3 and its precursors on O3
pollution days (i.e., MDA8 Os greater than 160 pg/m>) were chosen to
further investigate the sensitivity of Os formation to its precursors.
There are 18 d and 16 d selected for the S1 and S2 sites, respectively.
Fig. 4 (a) shows the average values of RIR for Og precursors, including
NO,, anthropogenic NMHCs (AHC), isoprene, and CO at 2 sites. The RIR
values of NO, at 2 sites were both negative, with values of —1.25%,/%
and —1.59%/%, respectively, indicating that a 10% reduction of NO,
will increase O3 concentrations by 12.5% and 15.9%, respectively. In
contrast with NO,, the RIR values of AHC, isoprene, and CO are all
positive, indicating that a 10% reduction of AHC, isoprene, and CO all
result in the decrease of O3 concentrations. The RIR values of isoprene
and CO range from 0.13%/%-0.32%/% and 0.11%/%-0.24%/%
respectively, which are significantly lower than that of AHC (0.86%/
%-0.94%/%). This indicates that anthropogenic VOCs play a more
important role in O3 formation than isoprene and CO, and therefore
reducing anthropogenic VOCs is the most efficient approach to con-
trolling O3 pollution in the central YRD region.

Fig. 4(b—c) shows the contour plots of O3 formation potential as a
function of the reduction of anthropogenic VOCs (S(VOCs)) and NOy (S
(NOy)) at 2 sites (i.e. EKMA curve). The EKMA curve can be divided into
upper-left and lower-right parts according to the ridgeline (black line).
The S(VOCs) and S(NO,) data points in the upper-left part indicating
that the O3 formation is in the VOCs-limited regime, while the data point
in the lower-right part indicates that the O3 formation is in the NO,-
limited regime. The data point near the ridgeline indicates that the O3
formation is both controlled by anthropogenic VOCs and NO, (i.e. in the
transition regime). The O3-VOCs-NOy sensitivities at these 2 sites are
both in the VOCs-limited regime. This finding is consistent with that
obtained from the RIR values. The O3-VOCs-NOy sensitivity results in
this study are similar to results obtained in most urban areas of the YRD
region, the Pearl River Delta (PRD) region (He et al., 2019), and the
North China Plain (NCP) region (Sun et al., 2021). This means that
reducing VOCs is still an efficient way for the short-term control of Os,

3.3.2. Identification of key anthropogenic VOCs in Oz formation
In order to identify the key anthropogenic VOC species in Os

n-Butane .

1-Hexene l m Sl
T T T T T
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formation, the RIR values of individual VOC species were also calculated
using the OBM. The RIR values of anthropogenic VOC species range
from 0.001%/% to 0.267%/%. Fig. 5 shows the anthropogenic VOC
species with the top 10 largest RIR values at 2 sites. m,p-Xylene shows
the largest RIR value both at the S1 and S2 sites, with values of 0.247%/
% and 0.267%/% respectively, followed by o-xylene (0.097%/% and
0.090%/%) and propene (0.080%/%-0.090%/%). The sum of RIR
values for xylenes (m,p-xylene and o-xylene) and propene accounted for
48.6% and 50.0% of RIR values in the total anthropogenic VOC species
at the S1 and S2 sites, respectively. Therefore, xylenes should be given
priority for the control of O3 pollution in the central YRD region.

3.4. Source apportionments of VOCs using the PMF model

3.4.1. Identification of PMF-resolved factors

Fig. 6 shows the chemical profiles of individual VOCs source resolved
by the PMF model in Changzhou during the online observation period.
Factor 1 shows high relative contributions to the concentration of C4-C6
alkanes, C2-C3 alkenes, acetylene, benzene, MTBE, etc., with values of
52.6%-92.6%. These VOC species are mainly emitted from vehicle
exhaust (Man et al., 2020), so factor 1 is identified as vehicle exhaust.
Factor 2 is characterized by high abundances of i-pentane and
n-pentane, with mass percentages of 39.1% and 40.6%, respectively.
Previous studies reported that i-pentane and n-pentane are the main
components of gasoline (Song et al., 2020), so factor 2 is identified as
gasoline evaporation. The relative contributions of factor 3 to the con-
centration of aromatics were ranging from 39.2% to 64.1%. Aromatics
are the important components widely used in paint and solvent coating
(Mo et al., 2021), so factor 3 is identified as paint and solvent
usage#-aromatics. Factor 4 shows high relative contributions to the
concentration of halocarbons (42.5%-77.3%) and toluene (46.8%),
respectively. Electronic manufacturing is an important industry in
Changzhou and a lot of halocarbons and toluene are used for the surface
coating of electronics (Lv et al., 2021), so factor 4 is identified as elec-
tronic manufacturing#-halocarbons. The major VOC species of factor 5
were ethene and propene. The relative contributions of this factor to
ethene and propene were 49.5% and 68.3%, respectively. Alkenes are
the key raw materials and products of the petrochemical industry (Mo
et al., 2015), so factor 5 is identified as petrochemical industry#-ethene
& propene. The relative contributions of factor 6 to concentrations of
isoprene, acrolein, and acetone to factor 6 are 86.9%, 33.8%, and 32.7%,
respectively. Isoprene is an important tracer to indicate biogenic emis-
sions (Dorter et al., 2020). OVOCs are the intermediate products from
ambient photochemical oxidation reactions (Chen et al., 2014), so factor
6 is identified as biogenic emission & secondary formation.

3.4.2. Diurnal variation of VOCs sources resolved by the PMF model

Fig. 7 shows the average diurnal variations of the total VOCs mass
concentrations from each factor. VOCs concentrations from anthropo-
genic sources (i.e. vehicle exhaust, gasoline evaporation, paint and
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Fig. 5. Anthropogenic VOC species with top 10 RIR values at 2 sites.
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blue lines represent the S1 and S2 sites, respectively.

solvent usage#-aromatics, electronic manufacturing#-halocarbons, and
petrochemical industry#-ethene & propene) all show a significant "U-
shaped" diurnal variation pattern at 2 sites., with high values during
7:00-8:00 in the morning and the lowest values around 13:00 at noon
(Fig. 7a—e). In contrast with anthropogenic sources, VOCs concentration
from biogenic emission & secondary formation shows a diurnal varia-
tion with a single peak (Fig. 7f). In this pattern, VOCs concentrations are
lower in the morning and evening but higher at 09:00-16:00 (about 15
pg/m>-20 pg/m®). This may be due to the strong solar radiation at noon
enhancing the emissions from vegetation and the strong photochemical
formation of OVOCs. It is noteworthy that S2 has higher OVOCs than S1,
contrary to other VOC species. OVOCs have both primary and secondary

sources. According to the results of PMF model, the VOCs concentration
contributed by paint and solvent usage#-aromatics at S1 and S2 were
18.2 pg/m® and 20.9 pg/m?, which indicated that the OVOCs of site S2
from the primary emission of solvent was higher than site S1. The
concentration of ozone at S1 and S2 were 76.6 pg/m°> and 83.2 pg/m°. It
indicated that the photochemical oxidation at S2 is stronger than S1,
which resulted in higher OVOCs due to secondary generation at S2 than
S1. In conclusion, primary emission and secondary generation lead to
higher OVOCs at S2 than S1.
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3.4.3. Relative contributions of individual sources for VOCs, xylenes, and
propene

Fig. 8(a-b) shows the relative contribution of individual sources to
total VOCs mass concentrations at the S1 and S2 sites. Overall, the
relative contributions of individual sources at S1 and S2 sites are similar.
Traffic-related emissions and industrial emissions are the main sources
of VOCs. Vehicle exhaust (38.8%) is the main anthropogenic source of
VOCs at the S1 site, followed by electronic manufacturing#-halocarbons
(20.4%), paint and solvent usage#-aromatics (14.4%), gasoline evapo-
ration (11.1%), and petrochemical industry#-ethene & propene (6.4%).
At the S2 site, vehicle exhaust (39.1%) shows the dominant contribution
to VOCs, followed by electronic manufacturing#-halocarbons (23.0%),
paint and solvent usage#-aromatics (18.9%), paint and solvent usage#-
aromatics (7.3%), and petrochemical industry#-ethene & propene
(5.1%). The number of vehicles in Changzhou reached 1.5 x 10%in 2020
(http://tjj.changzhou.gov.cn/html/tjj/2021/OEJCMFCP_1025/26977.
html), and thus vehicle exhaust has become an important source of
ambient VOCs. Changzhou is also a city with developed industries. The
chemical industry, electronic manufacturing, automobile coating, iron
and steel industry, etc. are key industries in Changzhou, which could
have important influences on ambient VOCs.

Based on the results of OBM, xylenes and propene are the key
anthropogenic VOC species for O3 formation. The relative contributions
of individual sources to these two VOC species at the 2 sites were further
investigated. Industrial emissions were the dominant contributor for
xylenes at 2 sites, with relative contributions of paint and solvent
usage#-aromatics (60%), electronic manufacturing#-halocarbons
(17%), and vehicle exhaust (16%), respectively (Fig. 8c—d). Different
from xylenes, the petrochemical industry#-ethene & propene and
vehicle exhaust are the major sources of propene (Fig. 8e—f). The relative
contribution of petrochemical industry#-ethene & propene to propene
at the S1 and S2 sites have reached 72.9% and 61.2% respectively, then
followed by vehicle exhaust (23.1% and 38.3%). These results show that
paint and solvent usage, the petrochemical industry, vehicle exhaust,

(a) 38.8% (b)

VOCs - S1

8.9%

6.4%

20.4%

(c) (d)

0.5%

15.5%
61.3%

32%
1.7%

17.8%

®

23.7%

Propene - S1

3.4%

61.2%

23.0%

Xylenes - S2
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and electronic manufacturing should be given a priority for controlling
VOCs and O3 in Changzhou.

3.4.4. Comparison between the PMF results and emission inventory

In this study, vehicle exhaust is the main source of Changzhou VOCs,
and the relative contribution rate at S1 and S2 are 38.8% and 39.1%,
respectively, which are higher than the result (14.1%) in the list estab-
lished by Xia et al. (2018). This suggests that the contribution of vehicle
exhaust may be underestimated in the inventory. While paint and sol-
vent usage in this study contributed 14.4% and 18.9% to VOCs at S1 and
S2, respectively, which were lower than the inventory (45.1%) compiled
by Xia et al. (2018). Temporal and spatial distribution, emission in-
tensity, source structure and other factors will affect the uncertainty of
VOCs emission inventory. The contribution of vehicle exhaust and paint
and solvent usage to VOCs is significantly different in the receptor model
and emission inventory, which means that there are great uncertainties
in these types of sources. It is need to be paid attention to in the future
studies of receptor model and emission inventory to improve the accu-
racy of contribution assessment of these sources.

4. Control strategies for ozone pollution episodes

The above analysis illustrates the sources of O3 precursor and the
sensitivities of O3 formation. However, it is unclear how to formulate the
policies to better diminish O3 pollution. Hence, multi-scenario analyses
with different reduction ratios of NO, and VOCs were conducted to
explore the non-linear response of Os formation under different emis-
sion reduction policies. As shown in Fig. 9, the horizontal and vertical
axis represent the reduction percentages of NO, emission and the O3
formation rates (P(03)), respectively, and each curve in Fig. 9 represents
different reduction percentages of VOCs. It should be noted that P(O3)
increased as the reduction ratio of NO, increased from 0% to 40% at S1
or from 0% to 60% at S2, regardless of the reduction of anthropogenic
hydrocarbons (AHC), while P(O3) decreased when NO, was reduced by

39.1%

[ Vehicle exhaust
[ Gasoline evaporation

[ Paint and solvent usage
#-Aromatics

6.5%

5.0%
[ Electronic manufacturing
#-Halocarbons

[ Petrochemical industry
#-Ethene & Propene

0.3%

16.3% [ Biogenic emission &

Secondary formation

=
S

16.6%

36.2%

Propene - S2|
2.6%

Fig. 8. Source apportionments of (a-b) VOCs, (c-d) xylenes, and (e-f) propene at 2 sites.
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Fig. 9. Reduction of O3 production rate as a function of reduction percentages of NO, and VOCs.

>40% and 60% at S1 and S2, respectively. However, an efficient control
strategy would lead to the decrease of P(O3) (shaded areas in Fig. 9). It
was found that, at the S1 site, when AHC was reduced from 0% to 80%,
the corresponding reduction percentage of NO, should be between 0%
and 60% or between 75% and 85% for zero P(O3) increment. Corre-
spondingly, at the S2 site, the reduction percentages of AHC should be
between 0% and 50% more than 95% to avoid an increase in P(O3).
Although a great reduction of P(O3) would be achieved if over 75% or
95% of NO emission was eliminated at S1 and S2, respectively, it may
not be practical in the current stage. Therefore, we focused on a
reduction range of 0-60% for NO,. The minimum value of reduction
ratio is the ratio of AHC/NO, reduction when O3 generation is higher
than the baseline scenario under each emission reduction curve, that is,
the minimum value of AHC/NO, corresponding to the intersection of
each emission reduction curve and the x-axis. It was determined that the
minimum abatement ratio of AHC/NO, for zero P(O3) increment should
be 1.3 for S1 or 1.6 for S2, the reduction ratios of AHC/NO, at in-
tersections of the curves and horizontal axis in Fig. 9, and this indicates
that more AHC should be reduced at the S2 site. Considering the
dominant contributions of xylenes and propene for total RIR and the key
sources of xylenes and propene, rougher policies should be primarily
applied to paint and solvent usage and the petrochemical industry to
diminish O3 pollution.

5. Conclusions

Online observations of ambient VOCs and trace gases were con-
ducted at 2 sites in Changzhou located in the central YRD region from
August to October 2018. Ninety-nine VOC species were detected,
including 28 alkanes, 11 alkenes, acetylene, 17 aromatics, 33 halocar-
bons, 7 OVOCs, and 2 others. The average concentration of VOCs was
39.52 + 23.14 ppbv. Alkanes, OVOCs, and halocarbons are the major
contributors to total VOCs concentration, with a total relative contri-
bution of 74.2%. According to the PMF analysis, traffic-related emis-
sions, and industrial emissions are the main sources of VOCs in
Changzhou. Vehicle exhaust was the main anthropogenic source of
VOCs, with relative contributions of 38.8%-39.1%, followed by elec-
tronic manufacturing#- halocarbons (20.4%-23.0%), paint and solvent
usage#-aromatics (14.4%-18.9%), gasoline evaporation (11.1%-7.3%),
and petrochemical industry#-ethene & propene (6.4%-5.1%). The
relative contributions of individual sources for xylenes and propene
were further analyzed. PMF results showed that xylenes were domi-
nantly emitted from paint and solvent usage#-aromatics (60%), elec-
tronic manufacturing#-halocarbons (17%), and vehicle exhaust (16%).
Different from xylenes, petrochemical industry#-ethene & propene
(67%) and vehicle exhaust (30%) were the major sources of propene.
Paint and solvent usage, the petrochemical industry, vehicle exhaust,

and electronic manufacturing should be given priority to control
ambient VOCs and Os pollution in the central YRD region.

The sensitivity of Os formation to its precursors was investigated
using OBM. The RIR values of anthropogenic VOCs (0.86%/% - 0.90%/
%), isoprene (0.20%/% - 0.32%,/%), and CO (0.11%/% - 0.19%/%) are
positive, while the RIR values of NO, were negative (—1.25%/% -
—1.55%/%). As for individual VOC, the RIR values for xylenes and
propene are 0.344%/% - 0.356%/% and 0.080%/% - 0.098%,/%, ac-
counting for 48.6% and 50.0% of RIR for total anthropogenic VOC
species at the S1 and S2 sites, respectively, suggesting the dominant role
of AHC in O3 formation at both sites. The EKMA curve at 2 sites indi-
cated that O3 formations are in the VOCs-limited regime, which means
reducing VOCs may still be an efficient way for the short-term control of
Os. According to the scenario analysis and considering the policy
feasibility, the minimum abatement ratio of AHC/NO, should be no less
than 1.3 and 1.6 for S1 and S2, respectively, to prevent the increase of P
(03). Considering the results above, tougher policies should be applied
to paint and solvent usage and the petrochemical industry to reduce the
concentrations of xylenes and propene and reduced the local Os
formation.
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