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Photochemical ozone formation oriented
VOC source apportionment and health
economic burdens in Pearl River Delta
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Clarifying the source apportionment of volatile organic compounds (VOCs) and their correlation with
photochemical losses and ozone formation is critically important. However, addressing this issue
remains a significant challenge. To address this challenge, we proposed a novel photochemical ozone
formation potential (PL-OFP)-oriented source apportionment method that facilitates the quantitative
evaluation of VOC source contributions to ozone formation and associated health-economic burdens
in the Pearl River Delta (PRD) urban agglomeration. Our findings indicate that PL-OFP values in the
urban agglomeration ranged from 18.4 to 34.4 ppbv. Alkenes and aromatics were the dominant loss
species because their unsaturated bonds are more susceptible to free-radical attack. Although natural
gas and biomass combustion were the highest-concentration sources of VOCs, vehicle emissions had
the greatest potential to form ozone. Notably, after photochemical reaction, over 70% of VOCs from
biological sources were consumed, making them the dominant actual ozone contributor. Control
measures should therefore prioritize these low-concentration but highly reactive VOC emissions. By

quantifying health-economic burdens, it was estimated that the PRD region had 8522 Os-related
mortalities annually, resulting in economic losses of $4933.4 M. Among these losses, PL-VOCs
contributed $1195.6 M. This research offers critical insights for the synergistic control of VOC

and ozone.

Volatile organic compounds (VOCs) are a class of readily volatilized
compounds at 50-260 °C, characterized by varied carbon skeleton struc-
tures and physicochemical properties'. As key precursors for the formation
of ozone (O3) and secondary organic aerosol (SOA), VOCs undergo pho-
tochemical oxidation reactions with atmospheric oxidants such as hydroxyl
radicals (+OH), and nitrogen oxides (NO,)’. VOCs can directly or indirectly
influence air quality (such as Oz, PM, 5), climate change, and human health
through photochemical reactions’. Due to the wide variety and complex
sources of VOCs, their atmospheric behavior exhibits significant variability*.
The atmospheric lifetime, transport, and transformation of VOCs are sig-
nificantly influenced by their physicochemical properties, particularly their
chemical reactivity.

05 is a hazardous atmospheric pollutant involved in photochemical
smog formation, posing increased health risks to humans. It attacks

carbon-carbon double bonds in unsaturated fatty acids within the human
body, damaging lipids in cell membranes, and generating harmful per-
oxidation products such as intracellular peroxisomal fatty acid p-oxidase’®
and 9-HpODE?, thus accelerating diseases like atherosclerosis. Previous
studies have demonstrated that each 10 pgm™ increment in O3 con-
centration elevates all-cause mortality by 3.7%o, cardiovascular mortality
by 3.9%o, and respiratory mortality by 5.0%o’. However, during the warm
season in China, O3 concentration has been increasing at an annual rate of
5%"". The Pearl River Delta (PRD), one of the most important economic
areas in China, has implemented measures to control emissions of O and
VOCs". Despite these control measures, O3 concentrations have con-
tinued to increase by 2.1% annually over the past decade’. O3 has not been
effectively controlled. If there is no effective control policy for O3 in the
future, O; will lead to higher health-economic burdens''. Therefore, the
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implementation of effective policies to control ambient O concentrations
is urgently needed.

Atmospheric oxidation of VOCs is a key pathway driving photo-
chemical O; formation (Fig. 1). Under sunlight irradiation, VOCs undergo
hydroxyl radical (¢OH) initiated chain reactions, generating peroxy radicals
(RO,e, HO,e), these radicals oxidize NO to NO,, ultimately leading to O;
formation through NO, photolysis'”. Recent studies have found a positive
correlation between atmospheric VOC and Oj; in the PRD region"’ and New
York'. Photochemical activity of different VOCs is closely associated with
their molecular structures. Highly reactive VOC species such as isoprene
and m-xylene exhibit «OH reaction rate constants (koy) up to the order of
10" cm’ molecule™ s7, resulting in a half-life as short as several hours'"’.
These compounds react with «OH and NO, under sunlight irradiation,
significantly promoting the generation of Oj;. Similarly, oxygenated VOCs
(OVOCs) strongly contribute to atmospheric radical generation and O;
formation due to their high photochemical reactivity'’. In contrast, alkanes
and halogenated hydrocarbons display lower reactivity compared to
alkenes, with koy typically below 10" cm® molecule” s™. There are sig-
nificant differences in the composition of VOCs released from various
sources, and the proportions of alkenes, OVOCs, alkanes, and aromatics
directly influence the potential for Os formation'*". Therefore, as O3 pol-
lution becomes increasingly severe, studying the interference effects of
source apportionment on photochemical loss of VOCs (PL-VOCs) and
their role in O3 formation is highly valuable.

This study systematically investigates atmospheric VOC pollution in
the PRD urban agglomeration, quantifying the concentrations and photo-
chemical loss rates of 96 VOC species, evaluating the impacts of meteor-
ological variations on PL-VOCs. To address the current challenges of
ineffectively coordinating control of regional O; and VOCs, we developed a
novel photochemical ozone formation potential (PL-OFP)-oriented source
apportionment method to assess the source emission characteristics and
health-economic burdens resulting from O; formation via photochemical
transformation of VOCs (Fig. 1). Specifically, this study aims to address the
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following questions: (a) Which VOC species or sources contribute most
significantly to local O; formation? (b) What is the health-related economic
burden associated with O; formation through the photochemical trans-
formation of VOCs?

Results
Characteristics of VOCs in the PRD urban agglomeration
This study investigates the pollution characteristics of 96 VOC species in the
atmospheric environment of four cities within the PRD region. These
compounds were categorized into seven categories based on their char-
acteristic functional groups, including alkanes, alkenes, alkynes, sulfides,
aromatics, halogenated, and oxygenated VOCs (OVOCs). During the entire
observation period, the mean concentration and standard deviation (SD) of
TVOCs were 43.4 + 23.0 ppbv (Fig. 2 and Table S1). Alkanes exhibited the
highest concentration (21.7 £ 13.8 ppbv), accounting for 49.9% of total
VOCs (TVOCs). Propane (6.98 ppbv), n-butane (3.79 ppbv), and isobutane
(3.04 ppbv) were major contributors. Previous studies have indicated that
alkanes such as n-butane and isobutane primarily come from natural gas
emissions™’. Meng et al. also found that alkanes accounted for the highest
proportion in the PRD region, reaching 55%". In the PRD region, extensive
natural gas pipeline networks have been built in residential areas, with
coverage rates exceeding 80% in Guangzhou (GZ) and 93% in Shenzhen
(SZ). Halogenated hydrocarbons (7.7+3.39 ppbv) and aromatics
(6.69 + 6.12 ppbv) constituted the second and third most abundant VOC
groups, accounting for 17.7% and 15.4% of TVOC:s, respectively. Dichlor-
omethane (4.15 ppbv) and toluene (3.88 ppbv) exhibited relatively high
concentrations and proportions.

VOC concentrations exhibited significant spatial variations among the
four cities (p < 0.05). The mean concentration of TVOCs was 29.4 + 10.5,
65.9 £28.3,31.9£12.9, and 43.4 + 23.0 ppbv in GZ, Dongguan (DG), SZ,
and Huizhou (HZ), respectively. DG, a typical industrial city, exhibited
TVOC concentrations 1.2- to 2.2-fold higher than those in the other cities.
Additionally, benzene series compounds in DG were 3.9- and 4.2-fold

VOC:s participate in photochemical reactions to
generate ozone
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Fig. 1 | Photochemical reaction mechanisms of VOCs in the atmosphere: research ideas and objectives in this study.
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Fig. 2 | Concentration characteristics of VOCs in the PRD urban agglomeration. a-e Concentration profiles of the main compounds of different types of VOCs in GZ, DG,
SZ, and HZ. f Regional concentrations of VOCs across the PRD urban agglomeration.

higher than in GZ and SZ, respectively, highlighting the substantial impact
of industrial emissions on regional air quality”’. Further analysis revealed
that the gross output value (GDP) of secondary industry to local GDP in GZ,
DG, SZ, and HZ were 25.3%, 55.4%, 37.8%, and 52.0%, respectively, which
was consistent with the ranking of TVOC concentrations (DG >HZ >
SZ > GZ). This suggests that cities with larger secondary industry propor-
tions (such as electronic equipment manufacturing, chemical industry, etc.)
exhibited greater VOC emissions and heightened potential for secondary
pollution®**. Notably, halogenated hydrocarbons (HHs) in GZ and SZ
accounted for 21.5% and 21.1%, respectively, significantly higher than DG
and HZ. This difference can be attributed to more developed high-tech and
related manufacturing industries, where the environmental concentrations
of HHs were higher than those of low-industrialized areas™. The economic
focus and industrial structure of the city have a significant impact on the
atmospheric VOC pollution profiles.

Seasonal VOC variations were significant in the PRD urban agglom-
eration (p<0.05). The diurnal mean TVOC concentration was

36.4 +17.7 ppbv in summer and 50.3 + 25.7 ppbv in winter (Fig. S1), with
winter concentrations being 38.2% higher than those in summer. All cities
consistently showed a trend of high in winter and low in summer, attributed
primarily to lower temperatures in winter, facilitating surface cooling and
formation of a stable inversion layer, limiting vertical air convection and
pollutant dispersion®. Additionally, increased rainfall in summer promoted
VOCs removal via wet deposition””. Conversely, isoprene and OVOCs
displayed the opposite seasonal trend to TVOCs. Isoprene, a biological
emissions marker’”, was higher in summer (GZ: 0.42+0.18, DG:
0.32£0.18, SZ: 0.41 £0.15, HZ: 0.31 £ 0.16 ppbv), reflecting greater vege-
tation activity during the warmer season. Similarly, OVOCs, considered as
secondary atmospheric products sensitive to temperature and solar
radiation"’, exhibited elevated OVOC concentrations in summer.

To better illustrate transport pathways and potential pollutant source
regions in the PRD region, historical trajectories of air masses during
summer and winter were analyzed using backward trajectory analysis.
Figure S2 presents the results of 48-hour backward trajectory clustering at an
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altitude of 500 m above ground level for both seasons. In summer, 89.1% of
the air mass originated from the ocean, primarily driven by the thermal
difference between land and ocean, with the air pressure gradient pushing the
moist oceanic air masses inland”. The prevailing southeast monsoon
transports clean ocean airflow, diluting urban VOC concentration. The
largest air mass cluster (30.8%) passed through Hong Kong, suggesting that
emissions from HongKong influenced GZ, SZ, and nearby areas. In contrast,
air mass movement patterns in winter were predominantly the opposite of
those in summer. During winter, the PRD region was largely influenced by
air masses originating from inland cities. Furthermore, due to significantly
higher atmospheric pressure in winter, the region experienced stable
atmospheric conditions™ (Fig. 4), and the transport distances were shorter
compared to summer, characterized by a dominance of mid-range transport.
Two primary air mass clusters originated from northern cold air masses
migrating southward from Jiangxi Province into the PRD region (accounting
for 42.0% and 18.4%). Anthropogenic sources in Jiangxi, such as vehicular
exhaust and combustion sources, emit substantial amounts of alkanes into
the atmosphere’’. These air masses increase local VOC concentrations in
combination with PRD emissions through atmospheric migration.

Photochemical loss of VOC species

When analyzing the characteristics of atmospheric VOCs, directly observed
concentrations can underestimate actual emissions due to the effects of
photochemical reactions, particularly those involving «OH radicals"*".
Figure 3 and Figure S3 present the photochemical loss diurnal data for the
four cities in both summer and winter. The PL-TVOCs in summer were 3.9,
4.8, 3.8, and 3.2 ppbv for GZ, DG, SZ, and HZ, respectively. DG exhibited
the highest photochemical loss, with aromatics contributing the most sig-
nificantly (up to 2.2 ppbv), which were 6.2- and 5.5-fold higher than those of
GZ and SZ, respectively. Styrene and toluene were the dominant con-
tributors in PL-aromatics. Previous studies indicate that petroleum refining
can emit substantial amounts of styrene', while aromatic hydrocarbons
such as toluene and ethylbenzene are widely used in industrial cleaning
solvents, printing, and papermaking processes’. The photochemical loss
observed in DG suggests that some VOCs emitted from industrial activities
are actively involved in local photochemical reactions. To account for
uncertainties, Monte Carlo simulations were used to estimate annual PL-
TVOCs in the PRD urban agglomeration (Fig. $4). The median PL-TVOCs
was 1.72 ppbv, with a 95% confidence interval of 0.26-42.03 ppbv, which
was slightly lower than the direct annual mean concentration. Sensitivity
analysis indicated that isoprene was the dominant contributor, accounting
for 44.2% of the annual PL-TVOCs.

The ratio of photochemical loss/initial concentration (P/I ratio) can
better reflect the photochemical loss rate of VOCs (Table S2). Overall,
alkenes exhibited the most significant photochemical loss, with P/I ratios of
59.2%, 38.0%, 35.1%, and 21.5% in GZ, DG, SZ, and HZ, respectively.
Aromatic compounds followed as the second prominent contributors, with
P/1 ratios of 10.6%, 15.3%, 20.3%, and 17.3%. In contrast, alkanes (<3%) and
alkynes (<1.5%) displayed relatively low photochemical loss rates due to their
relatively stable chemical molecular structure. He et al. also observed alkanes
and aromatics as the primary species contributing to local photochemical
reactions in GZ during spring’. Although alkanes and HHs exhibited the
highest detection frequency and concentrations among initial VOCs (In-
VOCs), their contributions to the total-PL were below 3% and 1% across all
four cities, respectively. Photochemical loss contribution is dependent on the
molecular structure of compounds, with alkenes playing a particularly
pivotal role. Alkenes, featuring unsaturated carbon-carbon double bonds
(C=C), have n-bond electron clouds that are highly susceptible to be attacked
by electrophilic groups or free radicals, leading to rapid photochemical
consumption'®”, such as isoprene (>65%) and butadiene (> 44%).

The VOCs photochemical loss differed between winter and summer
(p <0.05). As displayed in Fig. 3 and S3, the PL-TVOCs in winter ranged
from 0.7 to 2.0 ppbv, with DG exhibiting the highest loss. This range was
approximately 19.2 to 57.5% lower than that of summer (3.2-4.8 ppbv),
indicating weaker overall photochemical activity in winter. This

phenomenon can be primarily ascribed to shorter daylight hours and lower
UV radiation intensity in winter, which slows the generation rate of «OH
radicals and subsequent photochemical oxidation kinetics™. He et al. also
observed higher photochemical loss in summer compared to other seasons’.
Isoprene exhibited the highest photochemical loss in winter, ranging from
0.21 to 0.45 ppbv. Although isoprene displayed relatively low concentration,
the high reaction rate facilitated rapid photochemical consumption.

Given the significant seasonal variations in observed VOCs (Ob-
VOCs) photochemical loss and the crucial role of diurnal solar radiation in
driving photochemical reactions, it is particularly important to study diurnal
changes in VOC concentrations. The photochemical loss characteristics of
VOC:s in the morning, noon, and nighttime were investigated. Our findings
showed that the concentrations of Ob-VOCs in both summer and winter in
the morning (Csymmer =37.2 ppbv; Cwinter = 52.9 ppbv) and nighttime
(Csummer = 44.9 ppbv; Cyyinter = 59.4 ppbv) were higher than those at noon
(Csummer = 27.2 ppbv; Cyyinter = 42.9 ppbv), aligning with peak traffic hours.
A comparison of different cities revealed that the daily variation difference
between GZ and SZ was pronounced, likely due to the more concentrated
spatiotemporal distribution of population movement and traffic emissions
in these more developed cities. Human activities and traffic flow sig-
nificantly influence atmospheric VOC levels'®"”. Notably, PL-VOCs
exhibited an opposite diurnal trend, with significantly higher photo-
chemical loss amounts at noon than in the morning and nighttime
(p <0.05), primarily driven by alkenes and aromatics. The key factor
influencing atmospheric VOCs photochemical losses is not the con-
centration level, but rather the reactivity of VOC species with «OH radicals.

Meteorological variables associated with photochemical losses
of VOC and O3

Figures 4a, b show the seasonal and diurnal variations of meteorological
factors in the PRD region. During summer, total solar radiation (TSR)
exhibited a pronounced unimodal pattern, with the average daytime (6:00-
18:00) radiation reaching 408.1 W/m’, and midday peaks exceeding
800 W/m’. This intense solar radiation, coupled with high temperatures
(Thoon = 32.0 °C), creates a highly photochemically active environment™.
Atmospheric relative humidity (RH) and pressure displayed opposing
trends, with RH exhibiting significant negative correlations with TSR
(r=-0.77; p<0.05) and temperature (r=—0.96; p<0.05) (Fig. 4g),
resulting in a low-humidity period lasting over four hours during the
afternoon. While the diurnal patterns were generally consistent across
seasons, atmospheric pressure was significantly higher in winter (p < 0.05).
Under high-pressure weather conditions, the subsidence of air masses
inhibited vertical diffusion, and horizontal wind speed decreased, facilitating
the accumulation of pollutants in the ground layer'.

Meteorological factors significantly influence the photochemical losses
of VOCs. Figure S5 shows the linear relationship between various meteor-
ological factors and the ratio of photochemical loss of VOCs/observed VOCs
(PL/Ob-VOCs). Our findings indicate that the PL/Ob-VOCs ratio is sig-
nificantly higher in summer than in winter, indicating stronger photo-
chemical activity of VOCs in summer. Further analysis of meteorological
factors revealed that TSR significantly promoted the photochemical con-
sumption of VOCs (p < 0.05), with greater sensitivity observed in summer
(slope k = 3.6 x 10”*) compared to winter (k = 1.2 x 10”*). The PL/Ob-VOCs
ratio increased more substantially with rising TSR in summer, suggesting that
solar radiation plays an important role in the photochemical reactions™.
Furthermore, temperature exhibited a significant positive correlation with PL/
Ob-VOCs in summer (= 0.66; p < 0.05), demonstrating that the photo-
chemical reaction rate in summer was significantly higher than that in winter.
At higher temperatures, VOC molecules acquire more kinetic energy, leading
to increased effective collision frequencies and accelerated reaction rates™.
Berg et al. reported significant temperature-dependent reactivity of alkenes,
aromatics, and alkanes with «OH, particularly between 280 and 340 K**.

RH exhibited a negative correlation with PL/Ob-VOCs in both sea-
sons. Specifically, VOC photochemical reactivity showed a significant
negative correlation with RH (r* = 0.64; p < 0.05) when RH exceeded 75%.
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Fig. 3 | Spatiotemporal variations of observed, initial, and photochemical loss of VOCs. Concentrations of alkanes (a), aromatics (b), OVOCs (c), and TVOCs (d)
(observed, initial, and photochemical loss) during summer and winter in the morning, noon, and night in the PRD urban agglomeration.

This effect may be attributed to the absorption of UV radiation by water
vapor, decreasing near-ground light intensity”’. Furthermore, high relative
humidity conditions reduce nitrous acid (HNO,) concentration under
polluted environments, with photolysis of HNO, being an important source
of «OH production®, thereby reducing atmospheric photo-oxidation
capacity. Atmospheric pressure displayed a negative correlation with PL/
Ob-VOCs in winter (k = -0.33; p < 0.05), indicating that higher pressure was
associated with a reduced photochemical loss rate in winter. Although
atmospheric pressure can promote secondary reactions of VOCs, its
influence on the accumulation of VOCs appears to be relatively minor.

Seasonal comparisons revealed varying impacts of meteorological factors on
PL/Ob-VOCs, with temperature and pressure exhibiting opposite trends
across the two seasons. The photochemical reactions of VOCs in the
atmosphere are influenced by the combined effects of multiple factors'***.

The characteristics of air quality parameter variations within the PRD
region were discussed, as shown in Fig. 4¢, d. The summer and winter data
revealed a bimodal pattern for PM, 5, with higher concentrations and poorer
air quality observed during morning and night rush hours. Urban population
mobility has an important impact on the urban air environment”. The O
concentration exhibited a distinct unimodal pattern, with peak values
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Fig. 4 | Meteorological factors and their relationship with photochemical loss
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summer (c) and winter (d), plot between O3 and photochemical loss of TVOCs
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(PL-TVOCs) with corresponding total solar radiation (TSR, W m™) (e) and
temperature (°C) (f) in all time, the pearson’s correlation analysis between PL-
TVOCs and meteorological parameters in summer (g) and winter (h) in the PRD
urban agglomeration.
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occurring at noon (reaching 88.7 pg/m®). A comparison with TSR revealed
that the peak Oj; values lagged behind the solar radiation peak by 1-2 hours, a
phenomenon observed in both winter and summer. This phenomenon is
likely attributable to the maximum photochemical losses of VOCs occurring
around noon. The rapid reaction of VOCs with hydroxyl radicals generates
peroxyl radicals, such as «RO, and «HO,, which subsequently oxidize NO to
NO,. Under photochemical conditions, NO, decomposes NO and 0;>". The
chain reaction of VOCs oxidation involves a time lag. The NO, concentration
began to increase after 16:00, coinciding with a decrease in O concentrations.
This can be attributed to the primary source of NO, emissions coming from
traffic”’, with the evening rush hour leading to increased NO, levels. Fur-
thermore, the gradual accumulation of NO generated by photolysis, coupled
with weakening the TSR, which strengthens the reaction of
03 +NO — NO, + 0,", the formation of NO, consumes part of the
atmospheric O;. The formation and consumption of O; are inextricably
linked to VOCs and NO,. Therefore, effective O3 control strategies in urban
areas should prioritize the synergistic reduction of VOCs and NOy emissions.
VOC:s serve as crucial precursors for O3 formation. To further elucidate
the influence of meteorological factor variations on photochemical loss of
VOCs and O; formation, this study provides a visual representation of the
relationships between meteorological factors and both PL-VOCs and Os, as
shown in Fig. 4 and S6. The study revealed that elevated levels of TSR and
temperature (red markers) were associated with increased concentrations of
both PL-VOCs and Os. Conversely, when RH exceeded 75%, the con-
centrations of both PL-VOCs and O; decreased. TSR, temperature, and RH
primarily affect O; formation by influencing the atmospheric reactions of
VOCs’, thereby simultaneously affecting the variations in PL-VOCs and O
concentrations. Under higher atmospheric pressure (red markers), lower PL-
VOCs but elevated O concentrations were observed. This phenomenon may
be attributed to the formation of an inversion layer caused by the subsidence of
air masses under higher pressure conditions, which promotes O3 accumu-
lation in the ground layer'. However, the effect of pressure on photochemical
loss is relatively limited, resulting in asynchronous variations between PL-
VOCs and O;. Atmospheric pressure primarily influences pollutant con-
centration by affecting atmospheric dispersion through physical processes.

Potential contributions of VOCs to O3
Depending on their characteristic functional groups and molecular struc-
tures, different VOC species form Oj at distinct rates and through different
mechanisms. This study aimed to comprehensively evaluate the impact of
local VOCs emissions on O; formation by calculating the ozone formation
potential (OFP) in the PRD urban agglomeration. Our findings revealed
that the OFP concentrations for photochemical loss of VOCs (PL-OFP)
were positively correlated with daily maximum 8-hour average ozone
(DMAS8-0O3), notable in summer (= 0.48; p < 0.05), as shown in Fig. S7.
Investigating the contributions of various VOC categories to O; formation
(Fig. 5 and Fig. S8), we found that alkenes contributed the most to the PL-
OFP, accounting for 66.0%-93.1% in summer and 45.7%-77.8% in winter,
respectively. Monte Carlo simulations revealed an annual PL-OFP of
10.46 ppbv, with a 95% confidence interval of 0 to 104.57 ppbv (Fig. S9). In
summer, with stronger sunlight irradiation, the contribution of alkenes to
O; formation was 4.0 times greater than that in winter. This /v is because the
relatively low steric hindrance of C=C bonds, which facilitates their parti-
cipation in the reaction of NOy + VOCs + OH — Os + secondary pollu-
tants. The rapid reaction of VOCs with hydroxyl radicals generates peroxyl
radicals, such as «RO, and +HO,, which subsequently oxidize NO to NO,.
Under photochemical conditions, NO, then decomposes to form NO and
05>, Isoprene, primarily emitted from biological sources™”, is a significant
contributor to PL-OFP, accounting for 56.3% in summer and 37.3% in
winter, with an annual sensitivity to PL-OFP reaching 49.0%, highlighting
the substantial role of biological VOCs in O; formation in South China.
Aromatics also made significant contributions to OFP, accounting for
13.2% in summer and 26.1% in winter. Particularly in DG, the city with the
highest proportion of secondary industry among the four cities, the con-
tribution of aromatics to OFP reached 28.5% in summer and 42.6% in

winter. The major aromatic contributors were toluene, m-xylene, and
styrene, which are primarily derived from anthropogenic sources"*. Sen-
sitivity analysis for Ob-OFP and In-OFP showed that toluene had the highest
sensitivity among aromatics, reaching 33.8% and 37.0%, respectively. These
findings highlight the significant influence of anthropogenic sources on the
local atmospheric environment, with detailed VOCs source apportionment
provided in Fig. 6. Although alkanes had the highest detection rate and
concentration, their contribution to PL-OFP accounted for only 0.7%-2.9%
in summer and 1.4%-5.7% in winter, which was much lower than that of
alkenes and aromatics to O; formation. Based on the above analysis, it can be
concluded that the primary factor influencing O; formation is the reactivity
of VOC compounds rather than their actual atmospheric concentrations.

The contribution of photochemically reactive VOCs to O3 formation
varied across cities and seasons, as illustrated in Fig. S8. SZ exhibited the
highest contribution rate in summer, reaching 52.9 + 24.7%, with isoprene
(27.2%) being the primary contributing compound. In contrast, HZ and DG
showed the highest contribution rates in winter, reaching 8.8 +3.0% and
8.8 +2.7%, respectively, with distinct key contributing species. In HZ, iso-
prene (2.9%) and n-butene (2.1%) were the dominant contributors, while in
DG, the contribution of isoprene decreased to 1.9%, and the industrial
source compounds, such as ethylene (1.3%), toluene (1.5%), and m-xylene
(1.0%), showed a significant increase. These variations indicate that the city-
specific industrial structure significantly influences the characteristics of
atmospheric VOCs and their contribution to O; formation™*. Further-
more, the VOC photochemical conversion contribution rates were generally
higher in summer (20.1%-69.1%) than in winter (4.2%-12.2%). High tem-
peratures and intense light intensity in summer significantly enhance VOC
photolysis rates and increase the concentration of free radicals™, resulting in
a3.7- to 9.8-fold increase in the contribution rate of O; formation compared
to winter. Overall, this study demonstrated that spatial variations in Os
contributions induced by VOCs within the PRD urban agglomeration are
closely related to the characteristics of VOC emission sources, while seasonal
variations are dominantly driven by meteorological factors.

PL-OFP-oriented source apportionment

The Positive Matrix Factorization (PMF) model was employed to quantify
the emission sources of VOCs in the PRD urban agglomeration. Based on a
comparison of the Q1/Qp ratios derived from the PMF model (Fig. S10), six
potential emission source factors were ultimately selected in both summer
and winter*. The specific source profiles are presented in Figs. $12 and S13,
while the detailed contribution of VOC compounds to the six emission
sources is provided in Text S8.

Figures 6¢, d show the proportion of potential VOC emission sources in
the PRD urban agglomeration before and after photochemical reactions.
Summer Ob-VOC data revealed that natural gas and biomass combustion
(NGBC) contributed the most (26.0%), followed by vehicle emissions (19.1%)
and biogenic sources (15.3%). In winter, NGBC (25.0%), polymer production-
related industrial source (PPIS) (20.7%), and vehicle emissions (20.6%) were
the major contributors. NGBC was the largest emission source in both
summer and winter. This is primarily due to the widespread use of safer and
lower-carbon natural gas in the PRD region, with over 80% and 93% coverage
in GZ and SZ. Furthermore, the population density and vegetation coverage in
the PRD urban agglomeration are high, aligning with the background survey.
Notably, the observed and initial contributions of PPIS in winter were sig-
nificantly higher than those in summer (A~6.8%). This is likely because the
short-chain alkanes emitted from this source are more prone to accumulation
under low reaction activity and limited air mass migration conditions*"*. The
contribution from biological emissions (BE) was significantly higher in
summer than in winter (A6.9%), primarily due to increased plant activity.

Based on the VOC emission source apportionment results, further
combination with ozone formation potential revealed the actual con-
tribution intensity of each pollutant source to O; formation, as shown in
Figs. S15 and S16. Due to varying species reaction activity, the pro-
portions of the six emission sources based on OFP differed from their
observed values. Vehicle emissions (VE) (22.7%) and NGBC (17.7%)
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winter (h) of VOC species with ozone formation potential, the concentration
characteristics of Ob-OFP (c), In-OFP (f), PL-OFP (i) in summer and winter.

were the major contributors to OFP in summer, whereas vehicle
emissions (24.2%) and PPIS (24.1%) dominated in winter, indicating
that VE-VOC has the greatest potential for O3 contribution throughout
the year. The enhanced OFP of industrial sources in winter may be
related to the accumulation of surface VOCs and adjustments in pro-
duction activities*. Comparing the initial and observed OFP propor-
tions revealed a significant consumption effect of highly reactive VOC
emission sources during photochemical reaction. The initial OFP per-
centage of biological emissions sources in summer (26.9%) decreased to
11.1% after photochemical conversion. Biogenic sources constituted the
largest actual contributor to O; formation, accounting for 64.9% in
summer. NGBC, as the second largest actual contributor, accounted for
only 5.7% in summer but reached 46.7% in winter. In contrast, the
initial OFP percentage of PPIS in winter (21.95%) increased to 24.13%

after photochemical reaction, suggesting that PPIS emitted VOCs may
contain more medium- to low-reactivity components that gradually
participate in O; formation over longer reaction times”. Notably,
vehicle emissions exhibited the highest overall annual OFP; however,
their actual contribution to O; formation accounted for merely 3.3%
when considering photochemical loss. The conclusions derived from
our PL-OFP-oriented source apportionment method significantly dif-
fer from those obtained through direct OFP calculations. Consequently,
policy recommendations based solely on traditional source appor-
tionment or OFP assessments are limited, posing challenges for the
coordinated control of VOCs and Os. These findings suggest that
effective O; control strategies should take into account not only the
intensity of VOC emission sources but also the reactivity of individual
VOC species.
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O3-related health-economic burdens

Exposure to O; increases the risk of cardiovascular and respiratory diseases
among local residents. This study estimated the all-cause, respiratory, and
cardiovascular non-accidental premature mortality rates attributable to
short-term O; exposure in different cities. The results are shown in Fig. 7. A
comparison across different cities reveals significant variation in the health
effects of O; pollution. GZ, a core megacity and the provincial capital,
exhibited medium-to-high values (red-brown) for all-cause and cardiovas-
cular mortality rates across most of its area. Furthermore, the mortality rates
for various diseases were generally higher in GZ compared to other cities. The
number of Os-related all-cause mortality in GZ (5708 cases) far exceeded
those in DG (1,322 cases), SZ (821 cases), and HZ (671 cases), accounting for
3.0%¢0, 1.3%00, 0.5%0¢0, and 1.1%o0 of the total population in these cities,
respectively. Despite SZ also being a megacity, the all-cause, respiratory, and
cardiovascular non-accidental mortality rates in GZ were 7.0, 6.0, and 4.3
times higher than those in SZ, respectively. This is primarily because GZ has a
longer history and a larger population. In terms of age structure, the popu-
lation aged 60 and above accounted for 19.38% in GZ, which is 3.6 times that
of SZ (https://wsjkw.gd.gov.cn/). With an aging demographic, the mortality
rate in GZ (7.35%) was also significantly higher than in other cities. Urban
population density and age structure significantly influence O;-related health
risks”. The Oj-related health risk presented a stepwise distribution: “all-
cause > cardiovascular > respiratory”. O; mainly enters the human body
through the respiratory tract, stimulating alveolar epithelial cells in the lungs,
activating the nuclear factor-kB and antioxidant pathways. This leads to the
overproduction of inflammatory mediators, such as IL-1 and IL-17*. These
inflammatory mediators enter the blood circulation and spread throughout
the body, causing organ inflammation and vascular dysfunction. Addition-
ally, O5 can attack lipids on cell membranes, resulting in the production of

lipid peroxides, such as the intracellular peroxisomal fatty acid p-oxidase’ and
9-HpODE’, accelerating the process of atherosclerosis and leading to cardi-
ovascular and respiratory diseases.

The health risks associated with O; formation from photochemical loss
of VOCs were also quantified, as shown in Fig. S17. The results revealed that
the four cities experienced up to 2055 cases of non-accidental premature
mortality due to the PL-VOCs converted to O; formation. Among the cities,
GZ experienced the highest health burden from PL-VOCs converted to O3,
with the all-cause, cardiovascular, and respiratory premature mortality
reaching 1438, 456, and 190 cases, respectively. Additionally, PL-VOCs
converted to O3 in GZ contributed the most to the local O;-related health
risk, accounting for 25.2%, 25.2%, and 25.0%, respectively. Isoprene, n-
butene, and m-xylene were the primary contributing compounds, with
biological emission and NGBC making the most significant contributions.
The Os-related all-cause mortality caused by biological emission and NGBC
reached 1162 and 273 cases (Fig. S18), respectively. Highly reactive VOC
emission sources should be prioritized for control.

The health economic losses (HEL) resulting from Os-related health risks
were further quantified using the value of statistical life method ™. As shown in
Fig. 7d and S19, we found that GZ, which suffered the highest O;-related
health risks, also experienced the greatest economic losses, with all-cause HEL
reaching $3475.9 M, accounting for 8.0%o of the total GDP. DG, with the
highest proportion of secondary industry, followed as the second largest
contributor, with all-cause HEL reaching $677.7 M. Although SZ had lower
Os-related mortality than HZ, its higher per capita disposable income and
willingness to pay for health consumption resulted in a significantly higher
all-cause HEL of $488.8 M, which was 1.7 times that of HZ. Economic losses
caused by PL-VOCs converted to O; were calculated, and the economic losses
caused by all-cause mortality in GZ, DG, SZ, and HZ were $875.7, $140.5,
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Fig. 7 | Health risks and economic losses attributed to ozone exposure. The spatial
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$113.1, and $66.3 million, respectively, accounting for 2.0%o, 0.82%o, 0.22%,
and 0.77%o of the local urban GDP. To address uncertainty, Monte Carlo
simulations were used to estimate the economic loss from PL-VOCs con-
verted to O; across the PRD urban agglomeration (Fig. S20). The median
value was $1203.6 M, with a 95% confidence interval ranging from $932.4
million to $3173.9 million. Biogenic sources accounted for the dominant
contributor, resulting in $680.4 million in economic losses. The health risk
associated with the PL-VOCs converted to Oz cannot be overlooked in the
PRD urban agglomeration. Notably, the proportion of HEL caused by dif-
ferent diseases was significantly varied between cities. In HZ, the HEL caused
by cardiovascular disease reached 50.5%, which is 16.8% higher than in GZ
(31.7%). In DG, the HEL caused by respiratory disease was the highest
(21.8%). These variations reflect the complex interplay among urban func-
tional positioning, environmental exposure characteristics, population
structure, and resource distribution in different cities”. Atmospheric VOCs
not only pose direct carcinogenic risks to residents'”*’) but also contribute to
the O; formation through photochemical reaction, leading to significant
health effects and substantial economic losses in local cities.

Discussion

This study conducted photochemical loss calculations and model analyses for
96 VOC species in the PRD urban agglomeration during summer and winter.
The results indicated that the annual average TVOC concentration in the
PRD region was 43.4 ppbv, with alkanes and halogenated hydrocarbons
being the dominant components. DG exhibited concentrations 1.2-2.2 times
higher than other cities due to high secondary industry density. Alkenes (such
as isoprene, butadiene) and aromatics (such as styrene) were the dominant
reactive species under photochemical loss due to their high reactivity, con-
sumed by reacting with «OH. Meteorological factors, particularly TSR and
temperature, significantly promoted «RO, and +HO, formation from VOCs
oxidation (p < 0.05), while RH had the opposite pattern. Atmospheric pres-
sure primarily influences air mass transport. Assessment of Oz formation
potential revealed that alkenes exhibited the highest PL-OFP, followed by

aromatics. PMF analysis identified six emission sources, with NGBC as the
largest source, and vehicle emissions exhibited the greatest potential for O3
formation. Notably, after photochemical reaction, over 70% of biological
sources were consumed, making it the dominant actual O; contributor.
Consequently, greater emphasis should be placed on controlling low-
concentration but highly reactive VOCs in the PRD. Quantification of Os-
related health-economic burdens revealed that GZ experienced the highest
health risks (5708 cases), primarily from biological emissions and NGBC.
The all-cause HEL in the PRD reached $4999.4 M, accounting for 4.09%o of
the total GDP, of which the PL-VOCs contributed $1195.6 M. This study
elucidates the key mechanisms of photochemical loss of VOCs and their
impact on O; formation and health-economic effects, providing a theoretical
basis for the development of synergistic VOCs and O; control policy.

Methods

Site description

In this study, VOC samples were collected during summer from July 17th to
August 4th, 2024, and in winter from December 20th, 2024, to January 7th,
2025, with diurnal sampling conducted at 7:00 am, 12:00 noon, and 7:00 pm.
Sampling was conducted in four cities within the PRD urban agglomeration
of China: Guangzhou (GZ), Dongguan (DG), Shenzhen (SZ), and Huizhou
(HZ). GZ and SZ are megacities with a significant presence of high-
technology industries. DG has a secondary industry proportion of 55.4%,
with its electronics manufacturing sector exceeding one trillion RMB in scale.
HZ hosts several large-scale state-owned petroleum refining enterprises,
with an annual petrochemical production capacity of 42 million tons, and
features substantial vegetation coverage reaching 61.6% (https://www.gd.
gov.cn/). These cities exhibit distinct economic landscapes, industrial com-
positions, and population structures, making them ideal for studying city-
specific VOC pollution characteristics. Figure S21 shows the land use types of
a 10 m spatial grid in these cities. During the study period, the weather was
predominantly sunny or cloudy, and meteorological data were obtained
from the Guangdong Meteorological Bureau (http://gd.cma.gov.cn/).
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Hourly meteorological factors, including total solar radiation (W m?),
temperature (°C), humidity (%), and atmospheric pressure (hPa), as well
as air quality parameters, including PM, s, O3, NO,, and SO,, were
recorded concurrently. All samples were collected using specially pas-
sivated 2.7-liter Summa canisters (ENTECH Instruments Inc.,
Silonite™). To better represent urban VOC pollution levels, all sampling
sites were located on the rooftops of tall buildings, and the sampling port
was set 1.5 m above the rooftop surface. Detailed sampling information
is presented in Table S5.

Monitoring instruments

In accordance with optimized methodologies from the U.S. Environ-
mental Protection Agency (EPA) and previous studies by our research
group™®, 96 VOC species were analyzed through pre-concentration
coupled with gas chromatography flame ionization detector/mass
spectrometry (GC-FID/MS). A detailed methodological description is
provided in Text S1 and Text S2. Briefly, VOCs were concentrated via a
pre-concentration system and subsequently rapidly injected into GC-
FID/MS. Using a split mode configuration, conventional VOCs were
separated by a DB-1 column (60 m x 0.25 mm x 1.0 um, Agilent Tech-
nologies, U.S.) and detected by MS, while short-chain aliphatic hydro-
carbons were separated using a retention gap and HP-AK/S-PT column
(30m x 0.32 mm, Agilent Technologies, U.S.) and detected by FID.
Photochemical assessment monitoring stations (PAMS) and TO-15
standard samples (Linde Spectra Environment Gases, USA) were ana-
lyzed. VOCs were quantified using an internal standard calibration
method (1,4-difluorobenzene, chlorobenzene-ds, bromochloromethane,
and 4-bromofluorobenzene). Sample dilution was performed with an
Entech 4700 dynamic dilution system. Detailed information on the
analyzed compounds is provided in Table S6.

Estimation of the photochemical loss of atmospheric VOCs
VOC:s exhibit high photochemical reactivity under sunlight irradiation, and
their photochemical loss assessment is commonly based on the variation of
species’ atmospheric reaction with «OH °. The initial concentration ratio of
paired species (C/B) is primarily controlled by their common emission
source, while the observed ratio (AC/B) gradually decreases due to the
differences in photochemical consumption rates during the atmospheric
transport process. By integrating the real-time concentration ratio of C/B
combined with a photochemical age (At) calculation model, the OH
exposure ([OHJ-At) experienced by VOCs can be quantitatively
estimated'*". The specific formulas are:

_ 1 €|, _ €, _
o= e =rgor* [t =of -l =] @
[vOC,],, = | VOC,|,/ exp(—k[OH]At) )

[voc],., = [voc],, — [voc], 3)

loss,t —

Where B and C represent pairs of photochemical reaction species, two
VOCs with a common source and different photochemical reaction rates.
The rate constants K;, and K. present the reaction rate with OH radicals for
species B and C, respectively. In this study, Figure S22 illustrates the strong
correlation (R* = 0.98; p < 0.01) between ethylbenzene (E) and m-/p-xylene
(X), indicating a strong linear regression relationship, and indicating that
they mainly come from a common source. Previous studies have found that
ethylbenzene and m/p-xylene are often emitted from industrial solvent
usage”’. Furthermore, their various OH reaction rates (kg[OH] = 7.0 x 10°
2em® molecule s, ky[OH] =18.7 x 10" cm® molecule™ s?) make them
ideal photochemical reaction species pairs in this study’"*. The reaction rate
constants for each VOC with OH radicals (K;{OH]) are presented in Table

S7. {%, |, t = 0} and {%, |, t = t} are described in Text S3.

Calculation of excess risks

The log-linear exposure-response model, widely applied in epidemiology and
risk assessment, describes the potential relationship between pollutant exposure
levels and health outcomes. In this study, this model was utilized to investigate
the excess mortality risks due to O; exposure for all-cause, cardiovascular, and

respiratory diseases”’. The formula for calculating excess risks is as follows:
0for C;<C;,
ER, ;= ' 4)
i exp [ﬂi(ci,a‘ry - Ci‘o)] —1for C;<Cyy
H, gy, = BI; 4y, X EP g, X ER, 5, (5)
Where H; ;,, represents deaths attributable to disease i (all-cause, cardio-

vascular, and respiratory diseases) caused by O; exposure in the target cities;
BI; ., represents the health baseline incidence of the corresponding disease
i; EP,, refers to the city’s population; ER; ;, represents the excess risk of
disease i caused by O exposure in the target cities, calculated using Eq. (4);
The exposure-response coefficient (8;) for disease i are obtained from
Chinese epidemiological studies, with detailed parameters provided in Table
S7; C, iy, is the daily maximum 8-hour average O; concentration (DMA8S-
05), and C, , represents the threshold concentration. Since the relationship
between ozone exposure and short-term mortality risk is approximately log-
linear with no apparent threshold within common ambient concentration
ranges™, this study employs the theoretical minimum exposure level for
calculation, and C; , was set to zero in this study™.

Estimation of economic loss

The Value of Statistical Life (VSL) is an economic concept commonly uti-
lized in epidemiology to represent the public’s willingness to pay for
reductions in mortality risk*. Since China does not provide a standardized
VSL value for the four cities examined in this study, we employed the benefit
transfer method, using per capita disposable income as an index to estimate
the VSL for the target cities. The mathematical model is as follows:

B
VSLkAcity = VSLbuse x (Gk.city7 |7 Ghase) (6)

ELi,kﬁcity = VSLk,city X HIi,k.city (7)
Where VSL, ., represents the estimated VSL for the target city in year k;
VSLy, s the VSL value for the target cities based on existing studies. We
referenced the 2019 statistical data for Beijing estimated™, with a value of
$55.23 M; P is the income elasticity, set to 0.8, as recommended by the
OECD”; and EL;. ity Tepresents the economic losses from Oj-related dis-
eases in year k for the target cities.

Data analysis

In this study, EPA PMF 5.0 was used to analyze the source apportionment for
the PRD urban agglomeration during both summer and winter. The analysis
aimed to investigate the contributions of each compound in observed VOCs
(Ob-VOCs), initial VOCs (In-VOCs), and PL-VOCs to potential emission
sources, and to assess the relative proportion of each source comprehen-
sively. ArcMap 10.8 was utilized to investigate land use types and population
distribution characteristics in the PRD urban agglomeration, and the
regional spatial distribution map was drawn by integrating the raster dataset
with a spatial resolution of 10 m, obtained from the Institute of Tibetan
Plateau Research, with LandScan population data. IBM SPSS Statistics 26 was
utilized for VOC data processing, including correlation and significance
analyses of VOCs and meteorological factors across different seasons.
Detailed formulas and parameters were provided in SI

Data availability
All additional data to perform the analyses are available upon reasonable
request from the corresponding author (meicheng.wen@gdut.edu.cn).
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