
RESEARCH ARTICLE

Screening the emission sources of volatile organic
compounds (VOCs) in China by multi-effects evaluation

He NIU, Ziwei MO, Min SHAO (✉), Sihua LU, Shaodong XIE

State Joint Key Laboratory of Environmental Simulation and Pollution Control, College of Environmental Science and Engineering,
Peking University, Beijing 100871, China

1 Introduction

Volatile organic compounds (VOCs) comprise thousands
of different species, emitting from a wide variety of
sources. Hundreds of non-methane hydrocarbons
(NMHCs) and oxygenated volatile organic compounds
(OVOCs) have significant roles in the formation of

ground-level ozone [1]. The photochemistry of various
species has been intensively studied since the 1980s, and a
method to estimate ozone formation potential (OFP) was
developed on the basis of incremental reactivities [2,3].
Some VOCs are precursors of secondary organic

aerosols (SOA), and affect air quality, radiation, and
cloud microphysics [4]. SOA formed from VOCs account
for a large portion of organic particulate matters [5]. In
addition to these indirect impacts, species such as 1,3-
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H I G H L I G H T S

•We develop a multi-effect evaluation method to
assess integrated impact of VOCs.

• Enable policy-makers to identify important
emission sources, regions, and key species.

• Solvent usage and industrial process are the most
important anthropogenic sources.

• Styrene, toluene, ethylene, benzene, and m/p-
xylene are key species to be cut.
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G R A P H I C A B S T R A C T

A B S T R A C T

Volatile organic compounds (VOCs) play important roles in the atmosphere via three main pathways:
photochemical ozone formation, secondary organic aerosol production, and direct toxicity to humans.
Few studies have integrated these effects to prioritize control measures for VOCs sources. In this study,
we developed a multi-effects evaluation methodology based on updated emission inventories and
source profiles, by combining the ozone formation potential (OFP), secondary organic aerosol
potential (SOAP), and VOC toxicity data. We derived species-specific emission inventories for 152
sources. The OFPs, SOAPs, and toxicity of each source were estimated, the contribution and sharing of
source to each of these adverse effects were calculated. Weightings were given to the three adverse
effects by expert scoring, and then the integrated effect was determined. Taking 2012 as the base year,
solvent use and industrial process were found to be the most important anthropogenic sources,
accounting for 24.2% and 23.1% of the integrated effect, respectively, followed by biomass burning,
transportation, and fossil fuel combustion, each had a similar contribution ranging from 16.7% to
18.6%. The top five industrial sources, including plastic products, rubber products, chemical fiber
products, the chemical industry, and oil refining, accounted for nearly 70.0% of industrial emissions.
Beijing, Chongqing, Shanghai, Jiangsu, and Guangdong were the five provinces contributing the
largest integrated effects. For the VOC species from emissions showed the largest contributions were
styrene, toluene, ethylene, benzene, and m/p-xylene.

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2016



butadiene, benzene, and styrene— are toxic to human
beings, causing acute and chronic diseases or exerting
carcinogenic or teratogenic effects [6,7]. These effects
should be taken into consideration for the top designing of
VOC control strategies.
From previous studies, the source types and species

were identified for VOCs emission abatement by con-
sidering one or two of these effects [8,9]. Using life cycle
impact assessment methods for OFP and human toxicity,
Laurent and Hauschild determined the most important
species affecting human health, and found that there were
not correlation between the total impact and VOC
emissions [10]. Shin et al. took the ozone and SOA
formation potentials of individual VOCs into considera-
tion, and determined the optimum control of VOC
constituents and emission sources in Seoul, Korea [11].
Yuan et al. identified the major VOC species in the Pearl
River Delta Region by calculating the contributions of
each VOC species to the concentration and OFP of total
measured VOCs [12]. Lv et al. estimated the SOA
formation potential in Beijing summertime, and found
that the SOA precursors were present at relatively low
atmospheric concentrations and had a low OFP [13]. This
indicates that, in addition to VOC emissions and
concentrations, OFP, secondary organic aerosol potential
(SOAP), and toxicity are all important indicators of VOC
regulation. However, few studies have combined these
indicators when determining the optimum control strategy.
In this study, we aimed to develop a multi-effects

evaluation methodology to enable an integrated effect
assessment of VOCs. Using a bulk source-specific
inventory in China and available source profiles, emissions
of individual species were calculated, and their OFPs,
SOAPs and toxicity were subsequently estimated. For each
individual effect, the absolute and relative contribution of
each source type and provinces were determined in China.
Finally, the integrated effect was assessed by giving
different weightings to each effect. The multi-effects
evaluation proposed in this study can provide support for
policy-makers to formulate efficient VOC abatement
strategies in terms of key sources, species, and source
regions.

2 Methods

2.1 Data sources

2.1.1 Emission inventory and source profile

Each anthropogenic source was classified into one of five
categories such as transportation, biomass burning, fossil
fuel combustion, industrial processes, and solvent usage,
and 15 level-II sources, 61 level-III sources, and 152 level-

IV sources. Using the updated emission factors and
sectoral activity data, a VOC emission inventory of
China in 2012 was compiled. The detail methodology of
the inventory can be found in Bo et al. [14]. The total VOC
emission was 2984.7 �107 kg in 2012, to which industrial
processes contributed the most (39.3%), followed by
transportation (25.6%), solvent usage (14.9%), biomass
burning (14.1%), and fossil fuel combustion (6.1%).
VOC source profiles were also collected to assess the

chemical reactivity of each source [15]. The source profiles
used in this paper were derived from a source profile
database for China. A total of 101 source profiles were
compiled based upon literatures and real-world tests
[16,17] (Appendix A). Each profile was normalized to 75
individual species and 6 groups, including 28 alkanes, 11
alkenes, 1 alkyne, 16 aromatics, 6 halocarbons, 13
OVOCs, and other VOCs. To obtain the species-speciated
emission inventories, the 152 sub-sectors were classified
into 49 categories, including 9 for transportation, 6 for
biomass burning, 9 for fossil fuel combustion, 15 for
industrial processes, and 10 for solvent usage, and then
gave a reasonable profile for each source (Appendix B).
The profiles from measurements in China were preferen-
tially adopted, and profiles from the SPECIATE database
of US EPAwere used for those sources which we found no
national profiles [17]. Almost 80% of the emissions were
assigned specific source profiles.

2.1.2 Ozone formation potential (OFP) of VOCs

It is widely recognized that the VOC species differ in
their photochemical reactivity [8,18]. Many studies have
been conducted for the complex photochemical mechan-
ism of ozone formation, and several methods were
developed to quantify the OFP of VOCs. Photochemical
ozone creation potential (POCP) and maximum incre-
mental reactivity (MIR) have been widely used to evaluate
the contribution of individual VOCs to ozone formation
[19,20], and MIR is evaluated to be appropriate for
applications in the mixed environment [20]. In this study,
the OFP was calculated by multiplying a VOCs emission
by its corresponding MIR factor, and the total OFP of a
certain sub-sector was then the sum of the OFPs of all
species, as shown in Eq. (1):

OFPi ¼
Xm

j¼1

Eij �MIRj, (1)

where OFPi is the total OFP in the ith sub-sector, Eij is the
emission of the ith sub-sector for the jth VOC species, and
MIRj is the maximum incremental reactivity for the jth

VOC species. The MIR factors for 75 VOC species are
updated research result of Carter et al., as shown in Table 1
[21].
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2.1.3 Secondary organic aerosol potential (SOAP) of VOCs

Several smog chamber experiments and model studies
have been conducted to estimate SOA formation from the
semi-volatile oxidation products of VOCs [22]. The

contribution of VOCs to SOA yields has been calculated
under different conditions, and it is generally accepted that
SOA formation is dominated by a few classes of VOCs,
mostly aromatic compounds and monoterpenes, such as
benzene, toluene, isoprene and α-/β-pinene [23,24]. In this

Table 1 MIR, SOAP, and toxicity grades of 75 VOC species

species MIR/(g O3$g
–1 VOC) SOAPa) toxicity species MIR/(g O3$g

–1 VOC) SOAPa) toxicity

ethane 0.281 0.1 0 1-hexene 5.492 0 0

propane 0.489 0 0 ethyne 0.954 0.1 0

i-butane 1.230 0 0 benzene 0.721 92.9 4

n-butane 1.151 0.3 0 toluene 4.005 100 2

cyclopentane 2.392 0 0 m/p-xylene 9.750 84.5 2

i-pentane 1.446 0.2 0 ethylbenzene 3.038 111.6 2

n-pentane 1.313 0.3 0 o-xylene 7.640 95.5 2

methylcyclopentane 2.191 0 0 styrene 1.733 212.3 2

cyclohexane 1.250 0 0 1,2,3-trimethylbenzene 11.971 43.9 1

2,2-dimethylbutane 1.173 0 0 1,2,4-trimethylbenzene 8.872 20.6 1

2,3-dimethylbutane 0.969 0 0 1,3,5-trimethylbenzene 11.763 13.5 1

2-methylpentane 1.502 0 0 i-propylbenzene 2.516 95.5 1

3-methylpentane 1.805 0.2 0 m-ethyltoluene 7.391 100.6 0

n-hexane 1.244 0.1 1 n-propylbenzene 2.025 109.7 1

methylcyclohexane 1.698 0 0 o-ethyltoluene 5.586 94.8 0

2,3-dimethylPentane 1.344 0.4 0 p-ethyltoluene 4.444 69.7 0

2,4-dimethylpentane 1.549 0 0 m-diethylbenzene 7.098 0 0

2-methylhexane 1.190 0 0 p-diethylbenzene 4.431 0 0

3-methylhexane 1.614 0 0 tetrachloromethane 0.000 0 3

n-heptane 1.074 0.1 0 chloroform 0.022 0 3

2,2,4-trimethylpentane 1.261 0 1 dichloromethane 0.041 0 3

2,3,4-trimethylpentane 1.030 0 0 chloromethane 0.038 0 3

2-methylheptane 1.073 0 0 tetrachloroethylene 0.031 0 2

3-methylheptane 1.239 0 0 vinyl chloride 2.827 0 4

n-octane 0.899 0.8 0 formaldehyde 9.456 0.7 3

n-nonane 0.781 1.9 0 aceteldehyde 6.539 0.6 3

n-decane 0.684 7 0 acrolein 7.451 0 2

n-undecane 0.611 16.2 0 propionaldehyde 7.081 0.5 1

ethene 8.995 1.3 1 butyraldehyde 5.974 0 1

propene 11.665 1.6 0 valeraldehyde 5.082 0 0

1,3-butadiene 12.612 1.8 4 isovaleraldehyde 4.972 0 0

1-butene 9.727 1.2 0 benzaldehyde 0.000 216.1 2

cis-2-butene 14.241 3.6 0 hexanaldehyde 4.353 0 0

trans-2-butene 15.163 4 0 acetone 0.356 0.3 0

isoprene 10.607 1.9 1 methyl ethyl ketone 1.481 0.6 1

1-pentene 7.207 0 0 isopropanol 0.614 0.4 0

cis-2-pentene 10.384 3.1 0 ethyl acetate 0.626 0.1 0

trans-2-pentene 10.565 3.1 0

Note: a) secondary organic aerosol formation expressed on a mass emitted basis as SOAPs relative to toluene = 100
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study, the current SOAP factors developed by Derwent
were used to evaluate the contribution of individual VOCs
to SOA yields [25].
The SOAPs listed in Table 1 were developed to define

the potential of each VOC to form SOA on a mass basis
relative to toluene, as shown in Eq. (2). Although there are
specific SOAP factors for only 54 of the 75 species, these
species include almost all of the SOA precursors emitted
by anthropogenic sources; i.e., aromatics, high-carbon
alkanes, and alkenes. Additionally, there are corresponding
SOAP factors for 91.2% of the VOCs emitted.

SOAPj ¼

Increment in SOA mass concentration with species,j

Increment in SOA with toluene

�100, (2)

For the 75 species, the SOAP and emission of an
individual VOC was multiplied to estimate its contribution
to SOA formation, and the total SOAP of a certain sub-
sector was then defined using the same method as that used
for total OFP, as shown in Eq. (3).

SOAPi ¼
Xm

j¼1

Eij � SOAPj: (3)

2.1.4 Toxicity grading of VOCs

Several dose–response analysis and models have been
applied to evaluate the direct toxic effect of VOCs [26,27].
However, no integrated VOC toxicity database was
compiled because of the variety of target species and
exposure conditions. Thus, we defined toxicity grades for
the 75 target species shown in Table 1. The localized
toxicity grade of individual VOCs was assigned mainly
according to the Registration, Evaluation, Authorization

and Restriction of Chemicals, European Union (REACH)
VOC categorization decision tree and the VOC control
lists of the United States and the European Union [28]. On
the basis of information on the carcinogenic, teratogenic,
mutagenic properties of different species originating from
both the European Commission and the International
Agency for Research on Cancer (IARC), the 75 VOC
species were categorized into four grades, as follows:
grade I, category 1 and 2 carcinogens, mutagens,
teratogens, or highly toxic; grade II, category 3 carcino-
gens, mutagens, teratogens; grade III, IARC group 2B and
3 carcinogens or toxic [29]; and grade IV, harmful or
irritant. Toxicity grades 4, 3, 2, and 1 were allocated to
grades I, II, III, and IV, respectively.
The toxicity grades and total emissions were multiplied

to estimate the relative toxic effect of individual VOCs,
and the total relative toxic effect was calculated as
described above.

2.2 Multi-effects evaluation method

Many cases have shown that stringent VOCs control
measures did help to improve air quality [30], therefore we
developed a method to evaluate the environmental effects
of VOCs and prioritize VOCs control measures, as shown
in Fig. 1. Working with the species-speciated emission
inventories of each sub-sector and the MIR, SOAP, and
toxicity data, we calculated the absolute contribution of
each species in each sub-sector. For the OFP, SOAP, and
toxic effect, the total contribution of certain species in all
sectors and the total contribution of all species in a certain
sub-sector were determined. The relative contribution of
each sub-sector and each species was calculated by
normalization processing. The integrated effect was
determined by taking a weighted average of these three
effects, as shown in Eqs. (4) and (5). The multi-effects
evaluation system is applicable for different regions and
different sectors in China when considering control
strategies. We can take both VOCs emissions and

Fig. 1 Multi-effects evaluation method used in this work
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environmental effects into consideration to determine the
most important sources and key species.
The weightings of these three adverse effects were

assigned by expert scoring. Because O3 and SOA are
crucial for the formation of PM2.5 [31,32], and the database
was sufficient to quantitatively evaluate the OFP and
SOAP of the VOCs, a weighting of 40% was assigned to
both of them. There are few methods available to
quantitatively evaluate VOC toxicity, and the health effects
of VOCs may be related to many toxicological factors
[33,34]; therefore, the weighting of VOC toxicity was
assigned as 20% to reduce the error. The weighting of OFP,
SOAP, and toxicity can be adjusted as information
regarding VOCs is obtained. There may be some error
when determining the contribution of each source by the
multi-effects evaluation method, but it can be used as a
guide to screen important VOC emission sources.

Integrated effect of acertain sub-sector

¼ 0:4� Relative OFP contribution

þ0:4� Relative SOAP contribution

þ0:2� Relative toxicity contribution, (4)

Relative OFP contribution ¼ Eij �MIRj

OFPi
(5)

where OFPi is the total OFP in the ith sub-sector, Eij is the
emission of the ith sub-sector for the jth VOC species, and
MIRj is the maximum incremental reactivity for the jth

VOC species. Relative SOAP contribution and relative
toxicity contribution were calculated as described above.

3 Results and discussion

3.1 Contributions of sectors

The most important anthropogenic sources and sub-sectors
of each source were determined using the multi-effects
evaluation system. Solvent usage and industrial processes
were the most important anthropogenic sources, contribut-
ing 24.2% and 23.1% of the total environmental effects,
respectively. This was followed by biomass burning,
transportation, and fossil fuel combustion, all of which
had a similar contribution ranging from 16.7% to 18.6%.
The contributions listed above were calculated by
considering per unit mass VOC emissions, and were
significantly different from the VOC contributions of each
source as shown in Fig. 2(a). Both the emissions and multi-
effects of VOCs should be considered when developing
abatement measures.
When OFP, SOAP, and the toxic effect were considered

separately, there were significant differences among these

sources. In terms of OFP, transportation contributed most,
followed by industrial processes, biomass burning, solvent
usage, and fossil fuel combustion, with contributions of
29.3%, 24.6%, 21.6%, 17.1%, and 7.3%, respectively. In
terms of SOA formation, industrial processes accounted
for 42.5% of the SOA mass emissions in China, while
solvent usage and transportation accounted for 25.6% and
21.5% respectively, with the contribution of the other two
sources being only 10.3%. The toxic effect of industrial
processes, biomass burning, and transportation were
similar, at 28.0%, 24.7%, and 24.0%, respectively. VOC
emissions were taken into consideration when determining
each effect. The emission characteristics of the different
sources resulted in the differences, not only the actual
VOC emissions.
The five largest industrial sources are plastic products,

rubber products, chemical fiber products and the chemical
industry, and coking, which accounted for nearly 70.0% of
the integrated effect (Fig. 2(b)). Emissions from the
manufacture of plastic, rubber, and chemical fiber products
are very low, but the large number of aromatics emissions
from these sub-sectors can lead to significant adverse
effects. The integrated effects of different solvent usage
sources is shown in Fig. 2(c), with construction accounting
for a large part of the integrated effect and VOC emissions,
followed by the use of electric machinery and equipment
painting, agricultural chemicals, and vehicle painting.
These four main sub-sectors accounted for 80.3% of the
integrated effect. The VOC emissions and integrated effect
of agricultural chemicals are important, but few localized
source profiles are available for this source and further
study is therefore needed. Light-duty cars and vans were
the most important source of transportation, accounting for
54.0% of the integrated effect. Agriculture and architec-
tural off-road mobile sources, and motorcycles contributed
17.5% and 17.0%, respectively (Fig. 2(d)). The integrated
effects and VOC emissions of each transportation source
were similar, mainly because there were no significant
differences in the emission characteristics of the various
sources.

3.2 Contributions of VOC species

As shown in Fig. 3(a), the contributions of the various
VOCs groups to OFP, SOAP, toxicity, and the integrated
effect, were determined. Alkenes and alkynes, and
aromatics account for 45.7% and 35.2% of the OFP,
respectively, mainly because of the large emission of
VOCs and the high MIR. However, alkanes contribute
only 6.3% to the total OFP because of their lowMIR, while
accounts for 21.1% of the total VOC emissions. Almost all
of the SOA formation (97.7%) is from aromatic groups,
and it is clear that aromatics are important SOA precursors
that must be reduced when implementing PM2.5 control
policies. Aromatics, alkenes and alkynes, OVOCs were all
important groups for the toxic effect, accounting for 84.1%

He NIU et al. Multi-effects evaluation method for volatile organic compounds (VOCs) 5



of the total toxicity. It is noteworthy that the emissions of
OVOCs and halocarbons were low, but the toxic effects of
these two groups were high because of the high toxicity
levels of these species. Alkenes and alkynes, and aromatics
were the two most important groups, accounting for 84.4%
of the integrated effect. Alkanes accounted for 21.1% of all
VOC emissions, and their integrated effect was only 2.9%.
The contribution of different VOC groups to the five

VOC sources are shown in Fig. 3(b). The alkenes and
alkynes, and aromatics are important groups in all five
sources, contributing 77.4% to 94.7% of the integrated
effects. The integrated effect of solvent usage is mainly
from the aromatic group, with a contribution of 91.8%.
The top 10 VOC species contributing to individual

effects and integrated effect are listed in Table 2. Ethene,
propene, toluene, m/p-xylene, and formaldehyde were the
five species that contributed most to ozone formation, with
ethene accounting for 21.3% of the OFP. The 10 species
that contributed most to SOA formation were all aromatics,
including styrene, toluene, benzene, ethyl-benzene, and m/
p-xylene. The 10 aromatics contributed 95.0% of the total

SOAP, with styrene accounting for the largest percentage,
at 35.3%. Regarding the toxic effect, the top 10 species
accounted for 89.9% of the total toxicity, including ethene,
benzene, formaldehyde, vinyl chloride, and toluene. The
toxic effect was largely associated with 30 highly toxic
species. For the integrated effect, styrene, toluene, ethene,
and benzene were the important species whose emissions
need to be reduced in China, while the top 10 species
accounted for 76.5% of the total integrated effect.

3.3 Contributions of provinces

Using the multi-effects evaluation method, the integrated
effect and the three individual effects are determined for
different provinces. The top four provinces were Shan-
dong, Guangdong, Jiangsu, and Zhejiang, which
accounted for 36.7% together of the total integrated effect.
While, Hainan, Ningxia, Qinghai, and Xizang contributed
the least, with an overall contribution of 1.3%. This result
is consistent with that obtained when the provinces were
screened by considering VOC emissions only. Large

Fig. 2 Contribution of (a) each sector, (b) different industrial sectors, (c) different solvent usage sectors, (d) different transportation
sources to the multi-effects and emissions of VOCs
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emissions of VOCs have a major role in the evaluation of
the integrated effect.
To assess VOC emission characteristics and the

integrated effect for different regions, we calculated the
OFP, SOAP, toxic effect, and the integrated effect per unit
mass VOCs emissions of 31 provinces in mainland China
(Figs. 4(a)–4(d)), which differ from the result for VOC

emissions shown in Fig. 4(e). As shown in Fig. 4(a), the
largest OFP from VOC emissions occurred in Beijing,
followed by most regions in the north-east, north-west, and
south-west of China. The SOAP from VOCs emissions
was concentrated in eastern China, with Chongqing having
the highest SOAP. Beijing, Chongqing, Shanghai, Jiangsu,
and Guangdong were the top five regions when consider-
ing the integrated effect, and the top three regions were all
municipalities. The OFP, toxic effect, and integrated effect
caused by per unit mass VOCs emissions were most
serious in Beijing, possibly because industrial processes,
solvent usage and transportation make similar contribu-
tions to VOC emissions. Further research regarding the
industrial structure in Beijing is required.

3.4 Multi-effects per GDP

The gross domestic product (GDP) of different sectors is
also a critical factor used to screen important sources when
establishing VOC abatement policies. Based upon the
GDP data in 2012, we calculated the integrated effects
associated with the GDP for 36 sectors. The sectors were
classified according to the classification of national
economic industries. For the VOCs emissions per billion
CNY of GDP, eight sectors were above 200 t$billion
CNY–1 (Fig. 5(a)), namely chemical fiber products, oil
processing and coking, nuclear fuel processing, and rubber
products even above 400 t$billion CNY–1. For the
integrated effect per GDP, the top eight sectors are
shown in Fig. 5(b), which are rubber products, chemical
fiber products, and plastics products being the most
important sectors with a high level of multi-effects/GDP.
The important sectors screened by multi-effects and VOCs
emissions per GDP unit were similar. These sectors should
be given special attention when prioritizing VOC control.

4 Conclusions

In this study, we developed a multi-effects evaluation
method based on updated emission inventories of 152

Fig. 3 Contribution of the different groups of VOCs to (a) OFP,
SOAP, toxicity and the integrated effect, and (b) different VOC
sources

Table 2 TOP 10 VOC species whose emissions need to be reduced in China

species OFP species SOAP species toxicity species integrated effect

ethene 21.3% styrene 35.3% ethene 18.4% styrene 16.4%

propene 9.3% toluene 20.2% benzene 14.1% toluene 12.8%

toluene 7.4% benzene 12.8% formaldehyde 13.1% ethene 12.3%

m/p-xylene 7.4% ethylbenzene 8.6% vinyl chloride 9.4% benzene 8.3%

formaldehyde 5.7% m/p-xylene 7.0% toluene 8.8% m/p-xylene 6.4%

1,3-butadiene 4.6% o-xylene 4.7% aceteldehyde 6.5% ethylbenzene 4.9%

o-xylene 3.4% m-ethyltoluene 2.3% styrene 6.4% formaldehyde 4.9%

1-butene 3.3% o-ethyltoluene 1.6% 1,3-butadiene 5.9% propene 3.8%

aceteldehyde 2.9% n-propylbenzene 1.4% dichloromethane 4.3% o-xylene 3.6%

1,2,4-trimethylbenzene 2.8% p-ethyltoluene 1.1% m/p-xylene 3.1% 1,3-butadiene 3.1%

He NIU et al. Multi-effects evaluation method for volatile organic compounds (VOCs) 7



Fig. 4 (a) OFP/emissions, (b) SOAP/emissions, (c) toxicity/emissions, (d) multi-effects/emissions, (e) VOCs emissions of different
regions
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sources and 101 available source profiles, combining OFP,
SOAP and toxicity data. The most important emission
sources, regions, and VOCs species were proposed.
In terms of the integrated effect, the most important

anthropogenic sources were solvent usage and industrial
processes, with industrial processes accounting for 42.5%
of the SOA mass emissions in China. Plastic products,
rubber products, chemical fiber products, and the chemical
industry and coking are the most important industrial sub-
sectors that require control in China. The species where
control should be prioritized were screened by this method,

with alkenes and alkynes, and aromatics having a leading
role in all adverse effects and the integrated effect. In
addition, styrene, toluene, ethene, and benzene are
important species that require control in China. Almost
all (97.7%) SOA formation was from aromatic groups.
Special attentions should be given to the sub-sectors

with high levels of multi-effects per unit of GDP, such as
rubber products, chemical fiber products, and plastics
products. The most important regions were screened using
the integrated effect caused by per unit mass VOC
emissions. Beijing, Chongqing, Shanghai, Jiangsu, and

Fig. 5 (a) VOC emissions and (b) multi-effects associated with the GDP per unit for 15 important sectors

He NIU et al. Multi-effects evaluation method for volatile organic compounds (VOCs) 9



Guangdong were the five regions most in need of control
measures, while Chongqing, Zhejiang, Guangdong,
Jiangsu, and Tianjin were the most important regions
when considering SOA formation only. Further research is
needed to determine the industrial structure of these
regions, especially Beijing.
Further study is also needed to develop more localized

source profiles, so as to derive detailed species-specific
emission inventories. In addition to NMHCs, more
attention should be given to OVOCs species and
halocarbons when compiling profiles. The weightings of
the various effects can be adjusted as our knowledge of the
characteristics of VOCs species improves, especially with
regard to the toxicity of VOCs.
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