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Abstract
Purpose of Review The purpose of this review is to summarize the current understandings of atmospheric VOC characteristics in
China and put forward the methodological drawbacks of the VOC measurement that need to be resolved and the research gaps
that need to be filled.
Recent Findings Whereas in recent investigations in the North China Plain (NCP) a reduction (20–66%) in total VOC concen-
tration is noticed compared with the ones published before 2015, an increase (13–127%) is observed for the Yangtze River Delta
(YRD) region. Aromatics and oxygenated VOCs are frequently appearing as the most abundant VOC group in recent investi-
gations. Industry-related VOC sources are more dominant in the YRD regions while vehicle-related sources are more influential
in the NCP, Central China, and Pearl River Delta regions. Benzene, 1,3,5-trimethylbenzene, ethylbenzene, naphthalene, dichlo-
romethane, 1,2-dichloroethane, 1,2-dichloropropane, chloroform, carbon tetrachloride, and 1,2-dibromoethane pose carcinogen-
ic risk to exposed population in China and the most risk-prone areas are affected by the petrochemical industry, biomass burning,
waste management, and vehicle emissions. Formaldehyde and toluene have relatively high concentrations among the different
indoor VOCs observed and their concentrations noticed to be exceeded the national air quality standard.
Summary More investigations have to be performed on rarely studied health risk assessment of VOCs and characterization of
indoor VOCs. BVOC studies are rarely conducted in China, which has to be performed on common plant species, different forest,
and agricultural crops. VOC characterization in forest fire smokes and more process-specific emission characteristics in common
industries need to be conducted.
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Introduction

Atmospheric volatile organic compounds (VOCs) consist of
thousands of gaseous organic trace species that are directly
emitted from biogenic and anthropogenic sources and also form
in the atmosphere. Many investigations on VOC have been
conducted in fast-developing China as they are the precursors
of the concerning tropospheric ozone (O3) and secondary or-
ganic aerosol (SOA) pollution [1, 2•, 3••, 4••, 5–8, 9••, 10, 11,
12, 13•]. Severe O3 and SOA pollution has been the biggest
environment problem in China in recent decades, especially in
the highly urbanized and industrial areas [2•, 4••, 5, 14, 15, 16•].
The O3 concentration has been noticed to exceed the national
ambient air quality standard (NAAQS) in many regions [5, 14,
15, 16•]. Similarly, severe SOA pollution has become more
frequent in recent years [4••, 14, 17••]. These air pollutants
are expected to increase in the future as the atmospheric VOC
concentrations are predicted to increase [18, 19••]. Besides
forming the air pollutants, VOCs also pose the carcinogenic
and non-carcinogenic health risks to humans [20–23].
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Atmospheric VOC characterizations are mainly performed
in big cities in China, especially in the North China Plain
(NCP, e.g., Beijing, Tianjin, and Hebei), the Yangtze River
Delta (YRD, e.g., Shanghai, Nanjing, and Wuhan), the Pearl
River Delta (PRD, e.g., Guangzhou, Hong Kong) and the
Central China (CC, e.g., Xi’an, Chengdu) regions [1, 5–8,
9••, 10, 11, 12, 13•, 24, 25, 26••]. Several investigations are
also conducted in the rural and suburban areas [3••, 7, 21, 22,
24, 27, 28]. Long-term investigations are mainly carried out in
big cities, where the VOC concentration, as well as the O3 and
SOA pollution, are severe [6, 8, 29••, 30, 31]. On the contrary,
VOC studies over a few days to months are more common in
China [24, 26••, 32, 33]. Biogenic VOC (BVOC) emissions
from forest and plants are also measured by several investiga-
tors [34, 35, 36•, 37, 38]. Moreover, VOC characteristics in
different indoors like residence, dormitory, and offices are
also investigated in recent years [39–41, 42•, 43]. Several
investigators also estimated the health risk values associated
with the observed VOCs [12, 13•, 20–22, 45–47].

Although there has been plenty of VOC studies performed
in China, to our best knowledge, just a review article has been
published so far [48]. That review article specifically focuses
on anthropogenic VOCs and their control strategies; however,
important information like BVOC, indoor VOC, and health
risk associated with VOC have not been discussed. Besides,
many new studies have been published after the publication of
Guo et al. [48] as China has invested a lot in recent years to
tackle the VOC, O3, and SOA problem. To fill the knowledge
gaps, the current article reviews the recently published papers
and tries to answer the following questions: (i) what are the
current understandings of VOC studies in China? and (ii) what
are the methodological problems of the VOC measurement
that need to be resolved and the research gaps need to be
filled? More specifically, the content of the article includes
characteristics and abundance of ambient VOC (§3), VOC
sources (§4), VOC/NOx sensitivity to O3 formation (§5),
SOA formation from VOC (§6), biogenic VOC (§7), indoor
VOC (§8), health risk associated with VOC (§9), and future
VOC research directions (§10).

Methods

Literature Search Strategies

We searched for the VOC studies published between January
01, 2015, and January 31, 2020, based on the investigations
performed in China. We looked for these kinds of literature on
two electronic databases, namely, Web of Science and Google
Scholar. We used the same keywords/phrases (e.g. VOC in
China) sequentially on these two sources to find the published
articles. The following eight phrases were used for the litera-
ture search: (i) VOC in China, (ii) volatile organic compound

in China, (iii) NMOG in China, (iv) non-methane organic gas
in china, (iv) non-methane hydrocarbon in china, (v) biogenic
volatile organic compound in China, (vi) BVOC in china, (vii)
health risk of volatile organic compound in china, (viii) health
risk of VOC in China. In this study, we only present the data
collected from international peer-reviewed articles. In total,
about one hundred articles are gathered for data extraction.

Data Extraction Strategies

We extracted the information by reading the whole article one
after another. We mainly extracted the following information
from an article: (i) location of the study and investigated sea-
son, (ii) used methodology and its shortcomings, (iii) VOC
types and their concentrations mentioned, (iv) sources of
VOC, (v) VOC, NOx, and O3 sensitivity, (vi) SOA formation
from VOC (vii) biogenic VOC, (viii) indoor VOC, (ix) health
risk of VOC, (x) main conclusions, and (xi) suggestions and
recommendations for the future studies.

Characteristics and Abundance of Ambient
VOC

Total VOC Concentration

Total VOC (TVOC) concentrations observed in different
areas in China are listed in Table 1. In general, the high
TVOC concentrations are measured in urban and suburban
areas compared with the rural areas. Beijing, Tianjin, and
Shanghai are the cities with higher TVOC concentrations
(Table 1). Moreover, high TVOC concentrations are also re-
ported for recently investigated cities like Xi’an, Chengdu,
and Heshan. Relatively higher TVOC concentrations are men-
tioned in China compared with international studies (Table 1).
High TVOC concentrations are generally observed in autumn
and winter due to relatively lower photochemical degradation,
narrower atmospheric boundary layer, higher atmospheric sta-
bility, and higher fuel consumptions [5, 21, 22, 25, 29••].
Significantly higher TVOC concentrations (e.g., > 2–5 times,
> 5–7 times, > 20%) are observed during the haze days com-
pared with the non-haze days [4••, 17••, 54, 59, 62••, 63, 64].
Investigations on VOC are mainly performed in urban areas;
relatively fewer studies are conducted in suburban and rural
areas. A short-period (a few days to a month or so) VOC
studies are more common rather than a whole year or beyond
ones. The VOC species measured in each study is controlled
by the available VOC species in the calibration standards and
also by the used VOC analyzer’s sensitivity. Therefore, the
TVOC concentrations mentioned in different studies have to
be taken cautiously.We are reporting about 20% lower TVOC
concentration during summer in urban Beijing [24] compared
with the latest one mentioned in Guo et al. [48] review article.
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Table 1 TVOC concentrations observed in different areas in China and also in other parts of the world are listed in the table. In addition, information
about the investigated location type, investigated season, number of VOC measured, and VOC analyzer are also listed

Sampling location Location type Season TVOC concentrationa

(std)
Number of measured
VOC

VOC analyzer
used

Authors

Lanzhou Urban Whole
year

38.29 53 GC-MS [5]

Wuhan Urban Whole
year

34.65 102 GC-MS [29••]

Tianjin Urban Whole
year

10.4–48.9 56 GC-FID [6]

Jinan Urban Whole
year

53.08 ± 2.15 (μg m−3) 56 GC-FID [49]

Wuhan Urban Whole
year

23.3 ± 0.5 99 GC-MS/FID [50]

Ningbo Urban Whole
year

17.89 to 29.48 56 GC-MS/FID [25]

Chengdu Urban Whole
year

41.8 ± 20.8 55 GC-FID/PID [8]

Jinan Urban Whole
year

25.29 55 GC-FID [30, 31]

Nanjing Urban Summer 27 ± 14 56 GC-FID [1]

Tianjin Urban Summer 92 107 GC-MS/FID [7]

Beijing Urban Summer 23.30 68 GC-MS/FID [24]

Chongqing
(Chaojizhan)

Urban Summer 41.2 96 GC-MS/FID [32]

Wuhan Urban Summer 43.9 ± 3.8 102 GC-MS/FID [11]

Xi’an Urban Summer 42.6 ± 45.8 86 GC-MS/FID [9••, 10]

Chengdu Urban Autumn 40.29–53.19 94 GC-MS/FID [2•]

Beijing Urban Autumn 86.17 55 GC-MS/FID [51]

Heshan Urban Autumn 61.0 ± 35.5 104 GC-MS/FID [26••]

Jinan Urban Autumn 15.44 46 GC-FID [33]

Nanjing Urban Winter 49 ± 24 56 GC-FID [1]

Shanghai Urban Winter 94.14 ± 91.00 69 GC-MS [12, 13•]

Jinan Suburban Whole
year

50.58 (μg m−3) 56 GC-FID [21, 22]

Guangzhou Suburban Whole
year

42.74 56 GC-FID [28]

Tianjin suburban Summer 174 107 GC-MS [7]

Nanjing Suburban Summer 34.40 ± 25.20 56 GC-FID [52]

Beijing Suburban Autumn 27.6 ± 19.7 (mg/m3) 49 GC-MS [30, 31]

Yangtze river delta Suburban Autumn 65.5 ± 16.8 – GC-MS/FID [53]

Dinghu Mountain Rural Whole
year

19.2 – GC-MS [54]

Gucheng Rural Summer 24.12 68 GC-MS/FID [24]

Quzhou Rural Summer 15.45 68 GC-MS/FID [24]

Dezhou Rural Summer 16.1 ± 8.3 58 GC-MS/FID [27]

Heshan Rural Autumn 34 ± 3 58 GC-FID [3]

Hangzhou Urban-suburban-rural) Summer 55.9 56 GC-FID/PID [55]

International studies

London Urban Whole
year

22.1 18 GC-MS [56]

Los Angeles Urban Whole
year

41.3 26 PTR-MS, GC-MS [57]

Tokyo Urban Whole
year

43.4 54 GC-MS [58]

a All the concentrations are in ppbv unit if not mentioned otherwise. Concentrations are reported in other units when it is not possible to convert them to
ppbv
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Similarly, in the latest study in urban Tianjin during summer
[6], about 66% reduction in TVOC concentration is observed
compared with the value mentioned in Guo et al. [48]. The
TVOC concentration reduction in the urban NCP region could
be due to the implementation of control strategies like the
reduction of gasoline vehicles on the street. However, in the
latest studies in Shanghai [12, 13•] and Nanjing [1] in the
YRD region, a relatively higher (127 and 13%, respectively,
in Shanghai and Nanjing) TVOC concentrations are observed
compared with the maximum ones mentioned in Guo et al.
[48].

Concentration of VOC Groups

Alkanes are the most abundant VOC in the atmosphere in the
NCP, YRD, CC, and PRD regions in China (Table S1). A
relatively longer lifetime of alkanes in the atmosphere could
be the reason for their abundance. However, exceptions are
also noticed, for example, reactive aromatics are noticed to be
the highest contributor to the TVOC concentration in different
areas in the NCP region, e.g., Beijing, Tianjin, and Hebei [7,
30, 31, 66, 67]. Probably air in these areas is mainly affected
by industries and also by vehicle exhausts since aromatic
VOCs are generally emitted from these sources. Similar to
our findings, Guo et al. [48] also concluded that the alkanes
and aromatics are the most abundant VOCs in the NCP region
in their review article; however, we noticed that the aromatics
are appearing as the most abundant VOC in the recent inves-
tigations. According to Guo et al. [48], in the YRD region,
aromatics are the second most abundant VOCs; however, in
most of the recent investigations, alkenes have taken up that
position (Table S1). A relatively high proportion of aromatic
VOCs followed by alkenes is also observed in the CC region
compared with the other regions in China (Table S1).
Oxygenated VOCs (OVOCs) are also mentioned as the most
abundant VOC in recent studies in Wuhan [4] and Xi’an [4].
OVOCs concentrations are also relatively high in recent in-
vestigation in Beijing [68] and Chongqing [32] (Table S1). In
general, the contribution of OVOCs to the TVOC concentra-
tion is mentioned by a limited number of investigators in
China, probably they are not frequently investigated.
Alkenes are constantly mentioned as one of the abundant
VOC group in different areas in China (Table S1) besides
the abovementioned three VOC groups. The high contribution
of aromatics, OVOCs, and alkenes to the TVOC concentra-
tion in the abovementioned areas is concerning as these fast-
reacting compounds are mainly responsible for the local O3

and SOA formation.

Individual VOC Concentration

Ethane, propane, butane, pentane, ethene, propene, acetylene,
toluene, benzene, and ethylbenzene are the most abundant

atmospheric VOC species observed in recent studies in the
NCP, YRD, CC, and PRD regions in China (Table S2). In
general, relatively high concentrations of these VOCs are ob-
served in the NCP and YRD regions followed by the PRD and
CC regions. Among the cities, Beijing [51] and Shanghai [12,
13•] have relatively high concentrations of these compounds
followed by Wuhan [29••], Guangzhou [28], and Nanjing
[52]. The investigations in Beijing and Shanghai are per-
formed in autumn and winter when the high VOC concentra-
tions are generally observed. On the other hand, Xi’an [9, 10]
has the lowest concentration for these compounds among the
cities listed in Table S2; the study is performed during sum-
mer. However, the highest acetone concertation is observed in
Xi’an probably due to biogenic emissions. Unlike the
abovementioned studies, a recent study in urban Beijing
[17••] found that formaldehyde, methanol, and acetaldehyde
are the highest concentrated compounds using a proton trans-
fer reaction time-of-flight mass spectrometer (PTR-ToF-MS).
Similarly, high concentrations of these OVOCs are also no-
ticed in Wenling city, Zhejiang province, besides the other
commonly observed hydrocarbons [69]. It is possible that
similar to these OVOCs, many SOA forming aldehyde, ke-
tones, alcohols, and esters are present in the ambient air which
is not commonly investigated in China.

Source Specific VOC Emissions

Several investigators studied VOC emissions from specific
VOC sources, e.g., petroleum refinery, petrochemical indus-
try, coal- and biomass-fired power plant, oil and gas station,
iron smelt plant, waste treatment plant, solid fuel burning, and
vehicle exhaust [9, 10, 20–22, 70–74]. Concentrations and
contributions of major VOCs and VOC groups from different
sources observed in recent investigations in China are listed in
Table S3. Whereas alkanes are the main VOCs emitted from
the petroleum refinery, petrochemical industry, and oil and
gas station, alkenes are the main VOCs from the coal-fired
power plants. Similar to the coal-fired power plant, alkenes
are also the main VOCs released from biomass and coal-
gangue fired power plants [70]. As the alkenes are more reac-
tive than the alkanes, biomass- and coal-fired power plants
could play a huge role in local tropospheric O3 formation.
On the other hand, petroleum refinery, petrochemical indus-
try, and oil and gas stations probably have a relatively less
adverse effect on local air quality in terms of O3 formation.
Oppositely, different aromatics, which are well known for O3

and SOA producer, are emitted from solid fuel (e.g. wood)
burning kitchens [9, 10]. Moreover, while OVOCs are mainly
emitted from food waste treatment plants and heavy-duty ve-
hicle exhaust, halohydrocarbons are the major VOCs released
from iron smelt plants. As OVOCs form SOA and O3, waste
treatment plants and heavy-duty vehicle exhaust could have
an adverse effect on local air quality. In summary, among the
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process-specific VOC sources discussed above, biomass and
coal-fired power plants, solid fuel burning kitchen, waste
treatment plant, and heavy-duty vehicle exhaust are the worse
for the local air quality.

Estimated VOC Emission and its Trend

An increasing trend is observed in the estimated VOC emis-
sion inventories in China. Using a bottom-up emission inven-
tory framework, Li et al. [18] found that the anthropogenic
VOC emissions in China are continuously increasing from
1990 (9.76 Tg) to 2017 (28.5 Tg). Besides, based on the emis-
sion factor method, Wu et al. [54, 63, 64] found that it has
increased from 22.45 Tg to 29.85 Tg between 2008 and 2012.
According to Cao et al. [65], the GEOS-Chem model-based
TVOC emission is 41.9 Tg in 2007 of which anthropogenic
VOC is 20.2 Tg. Sun et al. [66, 67] used the emission factor
method to estimate the anthropogenic VOC emission in China
and it was 28.43 Mt (0.000028 Tg) in 2015 which increased
by a factor of 2 since 2000. However, using the same method,
Wu et al. [75] reported the total emission from the industrial
sector is 15.8 Tg in 2011. Zheng et al. [76] also used the same
method to estimate the industrial VOC emission in China and
found that it has risen from 15.3 to 29.4 Tg between 2011 and
2013. In the NCP region, based on emission factor, Qi et al.
[77] estimated that the TVOC emission is about 2.2 Tg in
2013. In the YRD region, based on the bottom-up inventory,
the industrial VOC emission increased from 3.34 to 3.99 Tg
between 2010 and 2012 [78]. Besides, in the PRD region,
based on emission factor inventory, estimated anthropogenic
VOC emission was about 1.2 Tg in 2010 [79]. While in the
Multi-resolution Emission Inventory for China (MEIC), an-
thropogenic VOC emissions increased by 28% during August
from 2004 to 2012 in Beijing, a decrease of 37% is measured
in urban Beijing during the same period [69]. As the VOC
emission is continuously increasing, both the anthropogenic
and biogenic VOC emission inventories need to be construct-
ed for every year to follow the emission trend as well as
develop and apply the reduction policies and measures.

Zheng et al. [76] project industrial VOC emissions for the
years 2020, 2030, and 2050 under three scenarios (A, B, and
C) upon implementing policies, upgrade control technologies
and considering the future economic development and popu-
lation change. The industrial VOC emissions are about 35, 60,
and 140 Tg for the years 2020, 2030, and 2050, respectively
under scenario A in which the control technologies are con-
stant to the 2013 level. Moreover, the industrial VOC emis-
sions are about 30, 40, and 60 Tg for the years 2020, 2030, and
2050, respectively, under scenario B in which the best avail-
able control technologies and clean manufacturing procedures
are implemented in some high-emission sources.
Furthermore, the industrial VOC emissions are about 18, 20,
and 21 Tg for the years 2020, 2030, and 2050, respectively

under the scenarios C in which anthropogenic VOC emission
is controlled greatly from every source. This kind of investi-
gation needs to be done in every region and province to help
the local authorities in controlling future VOC emissions
using appropriate policies and control technologies.

VOC Sources

To reduceVOC emissions, it is very important to identify their
sources. That is whymany studies related to source apportion-
ment of VOCs have been performed in China. Mainly three
kinds of receptor models, namely principal component analy-
sis (PCA), positive matrix factorization (PMF), and chemical
mass balance (CMB) are used for the source apportionment of
VOCs [5, 26••, 80•]. Besides, another commonly applied
method for VOC source identification is the ratios between
VOCs [25, 29••]. Among the receptor models, PMF has been
widely used in recent VOC source apportionment investiga-
tions in China (Table S4). Vehicular exhaust, industrial activ-
ities, solvent usages, fossil fuel combustion, fuel evaporation,
rubber industry, LPG usages, petrochemical industry, and coal
and biomass burning are the main sources of atmospheric
VOC in China (Fig. 1, Table S4). However, there are some
differences in relative contributions from different VOC
sources among the NCP, YRD, CC, and PRD regions except
for vehicular exhaust being the number 1 contributor every-
where (Table S4). For instance, followed by the vehicular
exhaust, while fossil fuel combustion, solvent utilization,
and LPG usages are the main sources of VOC in the NCP
region, petrochemical industry, rubber industry, and coal
burning are the main VOC emitters in the YRD region.
Studies reported in Guo et al. [48] also mentioned vehicular
exhaust, solvent utilization, and LPG usages are the main
sources of VOC in the NCP region, however, we found that
the contribution from vehicle exhaust is relatively lower com-
pared with the ones mentioned in those previous studies.
Similar to our observation, Guo et al. [48] also reported in-
dustrial processes are the main VOC source in the YRD re-
gion. In the NCP region, fossil fuels are used for heating
purposes and a huge number of light-duty vehicles on the
street use LPG. In the YRD region, industrial emission is high
as this region is well known for different industrial setups.
Moreover, followed by the vehicular exhaust, while industrial
processes, coal burning, and LPG usages are the main contrib-
utors of VOC in the CC region, in the PRD region, LPG
usages, biomass burning, and coals burning are the main
sources of VOC. Guo et al. [48] reported solvent usages as
one of the main contributors of VOCs in the PRD region based
on the investigations performed in industrial areas. Compared
with that, we are drawing our conclusion based on investiga-
tions done in rural areas and found that biomass and coal
burning are more dominant VOC sources than the solvent
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usage one. Overall, industry-related sources are more domi-
nant in the YRD regions compared with the other regions in
China and vehicle-related sources are more influential in the
NCP, CC, and PRD regions. Similar to the different regions,
there are some differences in VOCs sources among the cities
as well. For example, whereas in Beijing, vehicle exhaust,
fossil fuel combustion, and solvent utilization are the main
emitters of VOC, in Shanghai industrial process and solvent
usages, rubber industry, and petrochemical industry are the
main sources of VOC. It should be noted that the investiga-
tions in Beijing are conducted in urban areas and the study in
shanghai is carried out in a petrochemical industrial area. In an
industrial area in Nanjing, vehicle exhaust, solvent utilization,
and LPG usages are the main VOC contributors and in urban
Wuhan, vehicle exhaust, coal burning, and industrial process-
es are the main emitters of VOC.

VOC/NOx Sensitivity to O3 Formation

Due to the increase of atmospheric VOC and NOx con-
centrations, O3 pollution has become one of the
concerning issues in China. Plenty of VOC/NOx sensitiv-
ity studies, using different models and VOC to NOx ratio,
have been performed in different areas in China to find
out which precursor has the better control on O3 forma-
tion rates (Table 2). The commonly used models are
Empirical Kinetic Modeling Approach (EKMA) based
on the Regional Atmospheric Chemical Mechanisms ver-
sion 2 (RACM2), Photochemical Box Model (PBM), or
Observation-Based Model (OBM) based on Master
Chemical Mechanism (MCM) and Carbon Bond IV

(CB-IV) mechanism, Ozone Isopleth Plotting Package
(Research Version) (OZIPR) together with the EKMA,
and Weather Research and Forecasting atmospheric
chemistry (WRF-Chem) model. In general, urban areas,
for example, Wuhan, Hangzhou, Lanzhou are mainly sit-
uated in the VOC-sensitive regime which indicates that
the reduction of VOC concentration will reduce O3 pro-
duction rate more efficiently [5, 29••, 32, 55, 80•, 81•].
Generally, VOC concentration is low in urban areas due
to limited or no industrial emissions, and a further reduc-
tion in VOC emission will reduce the O3 production rate.
However, in urban Xi’an, O3 formation rates are noticed
to be effectively reduced with both the reduction of VOC
and NOx concentrations indicates that it is situated in the
mix-sensitive regime [14]. Probably industrial VOC emis-
sion together with vehicle exhaust NOx emission has a big
influence on the air quality in urban Xi’an. Furthermore,
in urban Tianjin, a transition from VOC to NOx sensitivity
for O3 formation is noticed depending on the season [6,
49] indicating changes in VOC sources and concentra-
tions over seasons. In suburban and rural China, O3 for-
mation is reported either under the VOC, NOx or mix-
sensitive regime [3, 5, 15, 16, 28, 83–85]. Industrial emis-
sions, as well as the atmospheric VOC concentrations, are
probably high in the NOx-sensitive area like suburban
Guangzhou, Lanzhou, and rural Wangdu, in Hebei prov-
ince. On the other hand, NOx emissions from vehicle ex-
haust are possibly high in the VOC-sensitive area like
suburban Nanjing and rural Heshan, in Guangdong prov-
ince. As the O3 formation sensitivity to VOC and NOx

concentrations varies in different regions in China, differ-
ent controlling strategies are required in different regions

Fig. 1 Atmospheric VOC sources and TVOC concentration (ppbv) in different areas in China
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to reduce O3 pollution. Generally, regions affected by
industrial emissions will require VOC emission reduction
and regions affected by vehicle exhaust emissions will
require NOx emission reduction strategy to reduce atmo-
spheric O3 formation.

SOA Formation from VOC

SOA comprises a large portion of fine particles (PM2.5)
which is the major component of haze pollution, and it is a
severe atmospheric problem in China, especially in urban
areas. Aromatic VOCs are the main contributor to SOA for-
mation in China followed by alkenes, alkanes, and OVOCs [4,
8, 59–61]. Among the atmospheric VOCs reported in different
measurement-based studies, toluene is mentioned as the
highest contributor to the SOA formation in China by many
investigators. Besides, the other compounds that frequently
reported as the high SOA producing VOC in China are

ethylbenzene, benzene, m,p-xylene, styrene, n-decane,
methylcyclohexane, o-xylene, i-propylbenzene, n-
propylbenzene, trimethylbenzene, m-ethyltoluene, and naph-
thalene [4, 8, 21, 22, 47, 59–61, 86]. To reduce the severity of
haze pollution, the abovementioned compound emissions
need to be decreased. Among these VOCs, probably none of
them are originated from biogenic sources, although, recent
modeling study found that the BVOCs contributes about 63%
of SOA formations in eastern China [19••]. However,
Ghirardo et al. [38] estimated that the anthropogenic VOCs
contribute > 90% of the SOA formation in Beijing, a city in
eastern China. Aromatic VOCs emission from vehicles, which
is the main source of VOCs in Beijing, could be the reasons
for the high contribution of anthropogenic VOCs to SOA
formation; however, this discrepancy between these two stud-
ies needs to be clarified by further investigation on SOA for-
mation from VOCs in this region. According to different
modeling studies, generally, biogenic SOA is the main con-
tributor to the total SOA in china and it contributes 24 (winter)

Table 2 Sensitivity of
tropospheric O3 production to
VOC and NOx concentration in
China

Location Location
type

Season VOC-
sensitive

NOx-
sensitive

Mixed-
sensitive

Method or
model

Authors

Hangzhou Urban Whole
year

✓ WRF-Chem [81•]

Lanzhou Urban Whole
year

✓ OZIPR-
EKMA

[5]

Wuhan Urban Whole
year

✓ RACM2-
EKMA

[29••]

Tianjin Urban Whole
year

✓ (Spring,
autumn,
and
winter)

✓
(Sum-
mer)

VOC/NOx

ratio
[6, 49]

Wuhan Urban Whole
year

✓ PBM-MCM [50]

Xi’an Urban Summer ✓ WRF-Chem [14]

Hangzhou Urban Summer ✓ PBM-CB-IV [55]

Chongqing
(Chaojiz-
han)

Urban Summer ✓ RACM2 [32]

Shenyang Urban Summer ✓ VOC/NOx

ratio
[80•]

Wuhan Urban Summer ✓ PBM-MCM [11]

Wuhan Urban Autumn ✓ UWCM-MCM [82]

Chengdu Urban Autumn ✓ RACM2-
EKMA

[16•]

Guangzhou Suburban Whole
year

✓ VOC/NOx

ratio
[28]

Lanzhou Suburban Summer ✓ OZIPR-
EKMA

[5]

Nanjing Suburban Summer ✓ OBM-CB-IV [83]

Nanjing Suburban Autumn ✓ OBM-MCM [84]

Wangdu Rural Summer ✓ RACM2-
EKMA

[15]

Yucheng Rural Summer ✓ OBM-MCM [85]

Heshan Rural Autumn ✓ PBM-MCM [3]
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to 75% (summer) of the total SOA depending on the season
[87–90]. Isoprene, monoterpenes, and sesquiterpenes are the
compounds contributing the most to the SOA formation
[87–92]. Among them, isoprene and monoterpenes are inter-
changeably reported as the major contributor to the SOA for-
mation depending on location and season. For instance,
whereas the contribution of isoprene accounted for about
70% of SOA in a mountainous forest area in southeastern
China [91], monoterpenes contribute up to 70% of the total
SOA in Hong Kong [92].

Biogenic VOC

A relatively limited number of biogenic VOC (BVOC) studies
have been conducted in China compared with the anthropo-
genic VOC studies, although they play an important role in
SOA formation. Besides, the BVOC species measured in
those investigations are also confined to a few compounds.
Bai et al. [35] measured ecosystem-level isoprene and mono-
terpenes emission from a temperate forest in the Changbai
Mountains. The observed isoprene and monoterpenes fluxes
are 0.88 and 0.14 mg m−2 h−1. Based on the observed photo-
synthetic active radiation, Bai et al. [34] developed an empir-
ical BVOC emission model and found that the simulated iso-
prene and monoterpenes fluxes agree with the observed ones.
In a subtropical bamboo plantation, Bai et al. [37] investigated
isoprene and monoterpenes fluxes. Observed fluxes of iso-
prene, α-pinene, longifolene, and α-cedrene are 0.95, 0.01,
0.001, and 2.6 × 10−4 mg m−2 h−1, respectively. Bai et al.
[36•] investigated BVOC emissions from a subtropical Pinus
plantation in Taihe County and observed that the monoter-
penes (72%) and isoprene (21%) are the main contributors
of the TVOC. Only a few BVOC species were measured in
the above observations; other common BVOC species need to
be measured as well to understand/estimate the ecosystem- or
species-level emission factor. In a laboratory investigation,
Ghirardo et al. [38] studied leaf-level BVOC emissions from
21 plant species grown in Beijing. They investigated both the
constitutive and stress-induced BVOC emissions, and found
that under the stress condition, e.g., O3 stress, benzenoid,
green leaf volatile, and sesquiterpene emissions are about
100- to 1000-fold higher. A recommendation on planting
low-emitting plant species in polluted urban areas was put
forward based on the findings. Besides, as BVOC emissions
are positively correlated to the temperature and global
warming is inevitable, low-emitting trees need to be consid-
ered for urban plantation and afforestation. Besides measure-
ment studies, several BVOC modeling studies have been con-
ducted in China. Using the Model of Emissions of Gases and
Aerosols from Nature (MEGAN), Liu et al. [93] estimated
18.86 × 105 tons year−1 of BVOC emission over the YRD
region. In Beijing, the annual isoprene emission is estimated

to be 23.2Gg [94], the annual BVOC emission is 75.9 Gg, and
the BVOC emission rate is 3.0 g C m−2 year−1 [95]. Liu et al.
[19••] calculated summertime BVOC emission in mainland
China using the Weather Research and Forecasting Model
(WRF) and MEGAN. It is 9.97 Tg (C) during 2015 and
projected to be 12.38 Tg (C) in 2050. Overall, BVOC emis-
sion measurements are conducted on a limited number of
plant species and ecosystems in recent years in China.
Moreover, in those limited number of studies, only isoprene
and monoterpenes are measured. Besides, the modeling stud-
ies on BVOC emissions are also limited. Therefore, informa-
tion on BVOC data is relatively small in China and it is not
straightforward to inter-compare the available emission rates
and draw any conclusion on it.

Indoor VOC

Indoor VOC characterization has been rarely conducted in
China compared with the ambient air VOC studies, although
people spend most of their time in indoor conditions.
Formaldehyde, acetaldehyde, toluene, acetone, xylene, ben-
zene, α-pinene, ethylbenzene, and styrene are the commonly
observed indoor VOCs in China (Table S5). Among these
VOCs, relatively high concentrations are noticed for formal-
dehyde and toluene. Among these limited studies, high TVOC
concentrations are observed in a newly built student dormitory
in a university campus in Tianjin [96], bedrooms in Wuhan
[40], and residential rooms in Shenyang [44] (Table S5).
TVOC concentrations in these three indoor places exceeded
the Chinese National Air Quality Standard (600 μg m−3,
CNAQS, GB/T 18883–2002) value. Building renovation
and emissions from structure materials and furniture are the
reason for the high TVOC concentration in these indoors.
However, the TVOC concentrations observed in other indoor
places are well below the national standard. In case of indi-
vidual VOC species, formaldehyde concentrations are noticed
to exceed the national standard (100 μg m−3, CNAQS, GB/T
18883–2002) value in residential rooms in Xi’an [39] and
bedrooms in residential apartments in Wuhan University
[40]. Besides, toluene concentration in residential rooms in
Shanghai city [42•] is observed to exceed the national standard
values. VOCs concentrations are comparatively high in that
study as it was performed in newly renovated residences.
Since the concentrations of several VOCs and TVOC are al-
ready noticed to be high in different indoor places, studies are
necessary in the focus of reducing their concentrations using
less emitting furniture, paints, green products, and a good
ventilation system. As we spend most of our time in indoor
conditions, more studies, especially long-term monitoring,
need to be done to characterize VOC concentrations in differ-
ent indoor conditions in the focus of improving indoor air
quality.
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Health Risk Associated with VOC

Carcinogenic risk (CR) associated with the VOC inhalation
has been estimated by several investigators in China.
However, the number of investigation regarding the CR as-
sessment of the observed VOCs is very limited compared with
the number of VOC characterization studies have been per-
formed in China. Besides investigating environmental issues
associated with VOCs, it is also necessary to analyze which
VOC species are generally posing the cancer risk to humans in
China and which areas are the most vulnerable to the cancer
risk of the atmospheric VOCs. In the following discussion, we
are going to analyze and put forward these two important
information.

Table S6 shows the CR assessment of VOCs mentioned in
recent studies [21, 22, 47]. Besides, the estimated CR value of
VOCs, using the concentration observed in different areas in
China, is also presented in the same table. The CR values are
estimated following Zhang et al. [21, 22] and it is estimated
for 17 VOCs whose inhalation unit risk (IUR) factors are
available in the literature. The lifetime risk of cancer is con-
sidered for a compoundwith a CR value of more than 1 × 10−6

[12, 13•]. Among the investigated compounds, benzene
showed a negligible lifetime risk of cancer value for all the
investigated areas (Table S6) except for the one investigated in
a municipal solid waste landfill area in Beijing [47] which has
a possible cancer risk value (> 1 × 10−5). Similar to benzene,
1,3,5-trimethylbenzene also has a cancer risk value for all the
investigated areas except for Xi’an [9, 10]. Moreover, a defi-
n i te r isk of cancer value (> 1 × 10−4) for 1,3 ,5-
Trimethylbenzene is estimated for the landfill area in Beijing
[47]. Another aromatic compound, ethylbenzene has lifetime
cancer risk value for half of the investigated areas, e.g.,
Beijing, Chengdu, Nanjing, and Guangzhou. Moreover, a def-
inite cancer risk value is observed for naphthalene in the solid
waste landfill area in Beijing. Hence, these aromatics are prob-
ably causing cancer risk to humans in China and should be
further studied in future investigations. Similar to the
abovementioned four aromatics, cancer risk value is also
found for several halohydrocarbons like dichloromethane,
1,2-dichloroethane, 1,2-dichloropropane, chloroform, carbon
tetrachloride, and 1,2-dibromoethane. Among these
halohydrocarbons, chloroform has a definite cancer risk value
in areas in Shanghai affected by petrochemical and other in-
dustries. [12, 13•]; the study area may not reflect the general
characteristics of Shanghai city.

Among the investigated areas, cancer risk values for most
of the investigated VOCs are found in the municipal solid
waste landfill area in Beijing [47], the petrochemical
industry–affected area in Shanghai Zhang et al. [12, 13•], bio-
mass burning–affected area in rural Dezhou, Shandong
Province [27], and traffic emission–affected urban Beijing
[24]. Furthermore, few studies have already been performed

regarding the process-specific health risk assessment of emit-
ted VOCs. For instance, Mo et al. [20] studied CR of VOCs in
different units of a petrochemical industry in the YRD region
and found that the polybutadiene latex production and storage
tank units have the highest CR value among the different units
due to high emission of 1,3-butadiene. Opposite toWu et al.’s
[47] findings, Mustafa et al. [45] reported that there is no CR
of VOCs to the employees and the people living around a
municipal solid waste processing unit in Beijing. The same
findings also mentioned by Nie et al. [46] for the investigation
performed in a waste composting unit in Beijing. To find out
more regarding which areas are prone to cancer risks of atmo-
spheric VOC, more health risk assessment studies are neces-
sary for similar areas like influenced by different industries,
biomass burning, and traffic emission. Moreover, process-
specific health risk assessment of VOCs has to be performed
in different commonly found industries which are known to be
high VOC emitter.

In summary, cancer risk is observed for benzene, 1,3,5-
trimethylbenzene, ethylbenzene, naphthalene, dichlorometh-
ane, 1,2-dichloroethane, 1,2-dichloropropane, chloroform,
carbon tetrachloride, and 1,2-dibromoethane in China.
Moreover, cancer risk of atmospheric VOCs is generally ob-
served in the areas affected by the petrochemical industry,
biomass burning, waste management, and vehicle emissions.

Future VOC Research Directions

Except for several investigations, most of the VOC studies are
performed in the NCP, YRD, and PRD regions (Fig. 1,
Table 1). More and long-term investigations need to be done
in the rapidly developing CC and the western part of China as
several studies have already measured high VOC and O3 con-
centrations in these areas [2, 5, 9, 10]. Besides, more studies
also have to be performed in suburban and rural areas since
these areas are also proven to be highly VOC- and O3-con-
centrated areas (Table 1).

Long-term (a year or beyond) studies have mainly been
done in several big cities; however, it has to be carried out in
other areas where VOC, O3, and haze/SOA pollution has be-
come severe. Studies covering all seasons are necessary to
find out the season dependent variations in TVOC concentra-
tions, VOC sources as well as in the specific VOC species
concentrations. This information will help in the development
of better reduction policies as short-term/one-season data
could be misleading for decision-making.

More BVOC studies on different ecosystems, forests, and
common plants have to be conducted in China as they provide
a major portion to the atmospheric VOC. In these investiga-
tions, as much as possible, BVOC species need to be mea-
sured as accurate emission factors are required inputs in many
regional and global atmospheric chemistry models.
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Agricultural field/crop species and livestock farms are proven
to be important sources of atmospheric VOC in other areas on
earth; therefore, future studies should also be done on these
sectors.

OVOC contributed a large portion of the atmospheric
VOC. Only several OVOCs are frequently reported in differ-
ent studies in China; however, the most common OVOCs like
methanol, ethanol, acetic acid, formic acid, acetaldehyde,
formaldehyde, and MEK are scarcely investigated. In doing
so, reported OVOC contribution to the total VOC could be
underestimated in different studies. In recent investigations,
high concentrations of these compounds are already noticed
in China [17, 69] and high contribution of OVOCs to the
TVOC is observed ( [4, 9, 10, 68]. Therefore, in future inves-
tigations, these OVOCs together with other common atmo-
spheric aldehydes, ketones, alcohols, and esters, should be
studied. In future studies, VOC measuring instruments like
PTR-TOF-MS, I-CIMS could be used in conjunction with
the available GC-MS/FID to measure almost all the highly
concentrated atmospheric VOCs.

Forest fire is one of the biggest sources of atmospheric
VOC, although no study on in situ VOC characterization in
wildfire smoke plume has been conducted yet in China. As the
frequency and intensity of forest fire are expected to increase
under the warming and dryer conditions in the future, charac-
terization of VOC from different forest fire smokes need to be
conducted. Besides, the chemical evolution of VOC in the
downwind smoke plume could also be studied to follow the
formation of the secondary compounds.

Process-specific emission characteristics of VOC need to
be performed in common industries to understand the emis-
sion strength and implement emission reduction policies. This
kind of investigation is mainly done in petroleum refinery,
petrochemical industries, waste management, biomass burn-
ing areas, and power plants. As industries are one of the big-
gest sources of VOC in China, it has to be performed in other
industries like shoes, rubber, plastics, solvent, electronics, etc.

Conclusions

The review article summarizes the current understanding of
VOC research in China and compiles the future study direc-
tions. High TVOC concentrations are observed in urban and
suburban areas, and Beijing, Tianjin, and Shanghai are the
cities with the highest TVOC concentration. While TVOC
concentration is noticed to be reduced in the NCP region, it
is observed to be increased in the YRD region. VOC contri-
bution from vehicle exhaust is found to be decreased in the
NCP region probably due to the implementation of emission
reduction policies like the reduction of gasoline vehicles.
VOC contribution from industrial sectors has to be decreased
in the YRD region as it is the most influential VOC source in

this region. Ambient VOC characterizations need to be con-
tinuously performed in these areas to observe the inter-annual
variation and examine the effectiveness of the implemented
VOC emission reduction policies and measures. Future VOC
characterization studies should be performed in the less inves-
tigated central and western parts of China as well as in the
suburban and rural areas as in recent investigations, high VOC
and O3 concentrations are already observed in these areas.
Alkanes are the most abundant VOC group in China; howev-
er, in recent investigations, aromatics and OVOCs are also
reported as the most abundant VOC groups. Aromatics and
OVOCs are mainly responsible for the local O3 and SOA
formation; therefore, their emissions have to be reduced.
Many common atmospheric aldehydes, ketones, alcohols,
and esters are not investigated in most of the past studies
due to the analyzers’ limitation; however, they are already
noticed to be the highest concentrated VOC in recent investi-
gations. Therefore, in future investigations, these compounds
have to be investigated as they participate in O3 and SOA
formation. Vehicular exhaust, industrial activities, solvent us-
ages, fossil fuel combustion, fuel evaporation, rubber indus-
try, LPG usages, petrochemical industry, and coal and bio-
mass burning are the main sources of atmospheric VOC in
China. Process-specific emission characteristics of VOC are
mainly conducted on petroleum refinery, petrochemical in-
dustries, waste management, biomass burning areas, and pow-
er plants; it should also be performed in all the common in-
dustries. Model-estimated VOC emissions over China have
been increasing and expected to increase in the future.
Hence, anthropogenic VOC emission has to be reduced and
low-emitting vegetation has to be considered for plantation
under expected polluted and warming future conditions.

Investigations on BVOC emissions and modeling are
scarcely done in China. More studies on different ecosystems/
forest and common plants have to be performed as vegetation is
the biggest source of VOC. Besides, VOC emissions and their
chemical evolution in the forest fire smoke should be carried
out in future investigations. Moreover, BVOC emissions from
agricultural field/crop species and livestock farms need to be
conducted. Formaldehyde, acetaldehyde, toluene, acetone, xy-
lene, benzene, α-pinene, ethylbenzene, and styrene are the
main indoor VOCs mentioned in rarely investigated literature.
As formaldehyde, toluene, and indoor TVOCs are already no-
ticed to have higher concentrations than the values recom-
mended by the CNAQS, more studies need to be done to char-
acterize indoor VOCs in the focus of improving indoor air
quality. The CR due to inhalation of atmospheric VOCs is
mainly associated with the aromatics and different
halohydrocarbons, and it is mostly observed in the areas affect-
ed by the petrochemical industry, biomass burning, waste man-
agement, and vehicle emissions. CR assessment of the ob-
served VOCs is rarely conducted in past studies; it should be
reported in the future VOC investigations.
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