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Abstract: Volatile organic compounds (VOCs) are ubiquitous in the atmosphere and the majority 11 

of them have been proved to be detrimental to human health. The hazardous VOCs were studied 12 

highly insufficiently in China, despite the enormous emissions of VOCs. In this study, the 13 

concentrations and sources of 17 hazardous VOCs reported in literature were reviewed, based on 14 

which the health effects were assessed. In-depth survey indicated that benzene and toluene had the 15 

highest concentrations in eastern China (confined to the study regions reviewed, same for the other 16 

geographic generalization), which however showed significant declines. The southern China 17 

featured high levels of trichloroethylene. Dichloromethane and chloroform were observed to be 18 

concentrated in northern China. The distributions of 1,2-dichloropropane and tetrachloroethylene 19 

were homogeneous across the country. Basically consistent with the spatial patterns of ozone, the 20 

summertime formaldehyde exhibited higher levels in eastern and northern China, and increased 21 

continuously. While transportation served as the largest source of benzene and toluene, industrial 22 

emissions and secondary formation were the predominant contributors of halogenated 23 

hydrocarbons and aldehydes (formaldehyde and acetaldehyde), respectively. While chronic non-24 

cancer effects of inhalation exposure to the hazardous VOCs were insignificant, the most worrying 25 

result was that the probabilities of developing cancers by inhaling the hazardous VOCs in ambient 26 

air of China were quite high. Formaldehyde was identified as the primary carcinogenic VOC in 27 

the atmosphere of most regions. The striking results, especially the high inhalation cancer risks, 28 

alerted us that the emission controls of hazardous VOCs were urgent in China, which must be 29 

grounded upon full understanding on their occurrence, presence and health effects. 30 
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With the increasing concerns of the public and research communities on environmental issues, 37 

volatile organic compounds (VOCs) have been recognized to be atmospherically relevant, through 38 

serving as the precursors of ozone and secondary organic aerosols (Carter, 1994; Kroll and 39 

Seinfeld, 2008). At the same time, the atmospheric oxidative capacity can be enhanced by the 40 

participation of VOCs in photochemical reactions (Lelieveld et al., 2008). Furthermore, many 41 

VOCs pose direct harm to human health (Brown et al., 1981; Huang et al., 2014), which are 42 

collectively named as hazardous VOCs hereafter. Hazardous VOCs are important members of the 43 

187 hazardous air pollutants (HAPs) controlled by the US Environmental Protection Agency (EPA) 44 

(USEPA, 2019a), as shown in Table S1. 45 

The species and abundances of hazardous VOCs are in general of highly spatial and temporal 46 

dependence. For example, toluene has long been recognized as the most abundant and primarily 47 

emitted hazardous VOC in Chinese cities (Liu et al., 2008a; Ou et al., 2015), which however is 48 

overwhelmed by tetrachloroethylene within dry-cleaning areas (Verberk et al., 1980). The 49 

temporal patterns of hazardous VOCs are related to the seasonal emission characteristics and the 50 

reactivity of the compounds. The northern China generally suffered from elevated air pollutants, 51 

including hazardous VOCs, in winter heating period (Yang et al., 2018). The commonly reported 52 

lower abundances of 1,3-butadiene and toluene at noon and in early afternoon are partially 53 

attributable to the quicker photochemical consumptions of these “C=C” bond containing VOCs 54 

(Tang et al., 2007; Lyu et al., 2016). This is opposite to the diurnal pattern of formaldehyde, which 55 

often presents a peak at noon caused by the secondary formation (Li et al., 2010; Lu et al., 2010). 56 

In general, anthropogenic emissions are the largest sources of hazardous VOCs (Li et al., 2010; 57 

Chen et al., 2017). The widespread sources of hazardous VOCs include agriculture, industries, 58 

power plants, transportation and residential sectors (Wei, 2008). However, the source contributions 59 

vary largely for different hazardous VOCs and in different regions (Guo et al., 2011; Wang, 2017). 60 

For example, while industrial emissions have been identified as the largest contributor to most 61 

halogenated hydrocarbons (Guo et al., 2009; Yuan, et al., 2013), tetrachloroethylene is mainly 62 

emitted from dry-cleanings (Raisanen et al., 2001). 63 

China has been experiencing rapid economic growth for ~40 years since 1980s, with more than 80 64 

folds increase in the nominal Gross Domestic Product (GDP). A sacrifice of the fast development 65 

is the arising of various environmental issues. The total emissions of non-methane VOCs 66 

(NMVOCs) in China have been increasing since 1990 (Figure 1 (Zheng et al., 2018; USEPA 2019b; 67 

EEA, 2019)). Until now no obvious reduction in emissions of NMVOCs has been achieved, though 68 

the emissions of many other air pollutants began to decrease in the mid-2000s or early 2010s (Lu 69 

et al., 2000; Zheng et al., 2018). According to the emission inventories, the total emissions of 70 

NMVOCs in China have overwhelmed those in Europe since 1997 and exceeded US emissions 71 

since 2004 (Figure 1). The current total NMVOC emissions in China are more than two and four 72 

folds higher than those in US and Europe, respectively. On one hand, scientists have already 73 

pointed out the urgency of controlling VOC emissions in China, for the sake of improving air 74 

quality (Zheng et al., 2009; Huang et al., 2014). On the other hand, the hazardous VOCs account 75 

for 20 – 40% of the total NMVOCs in China (Wei, 2009), imposing great threats to the health of 76 

residents. However, there has been no law or regulation specifically aiming to the control of 77 

hazardous VOCs in China, until the Ministry of Ecology and Environment of the People’s 78 
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Republic of China (MoEE, PRC) released a “List of HAPs” in January 2019 (PRCMoEE, 2019). 79 

Even so, only six hazardous VOCs are included in the list, i.e. formaldehyde, acetaldehyde, 80 

dichloromethane, chloroform, trichloroethylene and  tetrachloroethylene. Lack of systematic 81 

research on hazardous VOCs in China is also prominent in scientific community, though the 82 

individual species were separately discussed in a wide range of studies (Zhao et al., 2004; Zhou et 83 

al., 2011; Zhang et al., 2013). 84 

 85 

Figure 1 Total emissions of NMVOCs in China, US and Europe between 1990 and 2017.  86 

Under the National Key R&D Program of China, the project “Towards an Air Toxic Management 87 

SYstem in China (ATMSYC,  http://www.atmsyc.cn/)” inspired us to review the studies on 88 

hazardous VOCs in China. Our objectives were to advance the understanding on the spatial 89 

distributions and sources of hazardous VOCs in China, and the health risks of inhalation exposure 90 

to them. Due to the diversity and different characteristics of hazardous VOCs, we put our emphases 91 

on 17 hazardous VOCs in this review (Table 1), which belong to the 30 urban air toxics identified 92 

by US EPA due to their greatest threats to public health in most urban areas (USEPA, 2019c). 93 

Table 1 Hazardous VOCs included in this review and their carcinogenicity, Reference 94 

Concentrations (RfCs) and Inhalation Unit Risks (IURs). Bold and italic fronts are the VOCs 95 

required to be controlled by MoEE, PRC. 96 

No. Compound Chemical 
formula

Group 
*

Carcinogenicity RfC 
(mg/m3) 

IUR (m3/μg) 

1 Benzene C6H6 1 Carcinogenic 3×10-2 7.8×10-6

2 1,2-Dichloropropane 
(Propylene dichloride) 

C3H6Cl2 4×10-3 1.0×10-5 * 

3 Trichloroethylene C2HCl3 2×10-3 4.1×10-6

4 Vinyl chloride 
(Chloroethylene) 

C2H3Cl 1×10-1 8.8×10-6 

5 Formaldehyde CH2O 9×10-3 # 1.3×10-5

6 1,3-Butadiene C4H6 2×10-3 3×10-5 
7 Ethylene oxide C2H4O 3×10-2 # 3×10-3 
8 Dichloromethane 

(Methylene chloride) 
CH2Cl2 2A Probably 

carcinogenic
6×10-1 1×10-8 
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9 Tetrachloroethylene C2Cl4 4×10-2 2.6×10-7

10 Chloroform CHCl3 2B Possibly 
carcinogenic 

3×10-1 # 2.3×10-5

11 1,3-Dichloropropene C3H4Cl2 2×10-2 4×10-6 
12 1,2-Dichloroethane 

(Ethylene dichloride) 
C2H4Cl2 4×10-1 # 2.6×10-5 

13 1,1,2,2-
Tetrachloroethane 

C2H2Cl4 - 5.8×10-5 

14 Acetaldehyde C2H4O 9×10-3 2.2×10-6

15 Acrylonitrile C3H3N 2×10-3 6.8×10-5

16 Quinoline C9H7N - - 
17 Toluene C7H8 3 Not classifiable 5 - 

* Classification according to the carcinogenic risks to humans identified by International Agency for 97 
Research on Cancer (IARC), referring to (IARC, 2019). 98 

# Values recommended by California Office of Environmental Health Hazardous Assessment (OEHHA, 99 
2019). The others are adopted from Integrated Risk Information System (IRIS) of US EPA (USEPA, 2019d). 100 

 101 

2. Methodology 102 

2.1. Scope of the review 103 

Figure 2 shows the locations of the cities where the concentrations and/or sources of at least one 104 

hazardous VOC were reviewed. To facilitate the discussions, the cities were grouped into several 105 

city clusters, including the North China Plain (NCP), the Yangtze River Delta (YRD), and the 106 

Greater Bay Area (GBA). Cities outside the three clusters were collectively assigned to the other 107 

regions. The NCP, YRD and GBA were the three most populated city clusters in China, with fast-108 

growing economy, dense industries and busy traffics. Comparisons were made among the three 109 

city clusters throughout the review. 110 

 111 
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Figure 2 Geographical locations of the Chinese cities involved in this review (open triangles). 112 

Color on the map represents the average emissions of VOCs according to the Multi-resolution 113 

Emission Inventory for China (MEIC), 2016 (MEIC, 2016). 114 

 115 

2.2. Review materials 116 

Figure 3 summarizes the distributions of the sampling years of VOCs in more than 150 117 

publications reviewed. Inevitably, there was a gap between the sampling years and the current 118 

period, with the median sampling year of 2013, 2008, 2007 and 2012 in the NCP, YRD, GBA and 119 

other regions in China, respectively, though the latest publications were given priority in our 120 

review. The earlier median sampling years in YRD and GBA were mainly due to the pioneering 121 

work done in Shanghai, Guangzhou and Hong Kong. In comparison, the results of sources of 122 

hazardous VOCs were more up-to-date, and the peak year around 2008 was also ascribed to studies 123 

in YRD and GBA. To enhance comparability, the sources reported in different publications were 124 

reasonably unified in this review, by combining or separating some factors, e.g. combination of 125 

gasoline and diesel vehicle exhausts into transportation. It should be noted that some hazardous 126 

VOCs were only reported in a few papers published more than a decade ago, such as 1,3-127 

dichloropropene in GBA. We do not recommend over-interpretation on these compounds. Because 128 

of the lag of scientific publications, the results presented in this review cannot be directly regarded 129 

as an evaluation of the current air quality and air toxicity in China, but are still valuable given the 130 

fact that there is no decline for the national total emissions of VOCs (Figure 1). The spatial patterns 131 

were established by averaging the concentrations of hazardous VOCs and the source contributions 132 

to them by regions. To avoid misinterpretation, we reviewed the publications spanning a wide 133 

range of land uses (i.e. industrial, urban, suburban and rural areas) in each region. Though the 134 

median sampling year in YRD and GBA was 4-5 years earlier than that in NCP and other regions, 135 

the impacts on the conclusions of spatial patterns were multifaceted, due to the diverse trends of 136 

different hazardous VOCs in last decade. The trends of the concentrations and source contributions 137 

were discussed wherever they were available, based on which the actual spatial patterns were 138 

inferred. However, this should not waver in our conclusions on the nationwide average situations, 139 

because no state-level intervention has been imposed to decrease VOC emissions in China. 140 

 141 
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Figure 3 Left panel: Number of publications involving hazardous VOCs in sampling years in China. 142 

Right panel: Compound specified median sampling years (brown column) and number of 143 

publications (black square) in different regions. Blue line shows the median sampling year for all 144 

compounds. See Table 1 for details of No. of compound in right panel. 145 

In addition, sponsored by the “ATMSYC” project, VOCs samples were collected in 18 cities 146 

across China (Figure S1 and Table S2) during January – February and June – August 2018. Text 147 

S1 describes the procedures of the collection and chemical analysis of the samples. The 148 

concentrations of the hazardous VOCs detected were also used to estimate the health effects of the 149 

hazardous VOCs in ambient air of China, as a validation of the review results.  150 

2.3 Risk assessment metrics 151 

The health risks of inhalation exposure to the hazardous VOCs were assessed by the Hazard 152 

Quotient (HQ) and Inhalation Cancer Risk (ICR), representing the chronic non-cancer effects and 153 

cancer effects, respectively. HQ and ICR are calculated following the formulas 1 – 2 (Zhou et al., 154 

2013), where CC stands for the ambient concentrations of hazardous VOCs. RfC and IUR are 155 

provided in Table 1.  156 

HQ ൌ  ஼஼

ோ௙஼
      (Formula 1) 157 

ICR ൌ CC ൈ IUR      (Formula 2) 158 

The adverse chronic non-cancer effects are not likely to occur when the exposure concentrations 159 

(CC) are not higher than the RfC of an air toxic, i.e. HQ ≤ 1 (Zhou et al., 2013). Otherwise (HQ > 160 

1), exposures to the air toxics are expected to cause chronic health effects other than cancer. The 161 

ICR represents the probability of developing cancers by lifetime exposure (70 years) to the air 162 

toxics under the concentration of CC (Zhou et al., 2013). 163 

 164 

3. Spatial distributions of hazardous VOCs in China 165 

3.1. Benzene & Toluene 166 

As shown in Table S3, the mixing ratios of benzene were highest in YRD region, particularly in 167 

the urban and suburban areas. For example, the mixing ratio of 5.20 ppbv recorded at an urban site 168 

of Shanghai in the winter of 2007 was the highest value among all the studies we reviewed (Song 169 

et al., 2012). High levels of benzene were also documented in other studies (An et al., 2014; Han 170 

et al., 2017) conducted in Shanghai and Nanjing, two cities in YRD. Generally, comparable 171 

concentrations of benzene were observed between NCP and GBA except Hong Kong. Hong Kong, 172 

within GBA, had much lower benzene concentrations than those in the inland GBA cities, 173 

indicating the differences in local emissions of benzene. Furthermore, benzene observed at four 174 

background sites in different regions of China also followed the consistent spatial patterns. Taihu, 175 

as a background site in YRD, exhibited the highest benzene concentration (1.17±0.30 ppbv) 176 

(Zhang et al., 2015) among all the background sites, in contrast to the lowest value in background 177 

atmosphere of Hong Kong (0.51 ppbv) (Li et al., 2018). The highest concentrations of benzene in 178 
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YRD were possibly associated with the intensive petrochemical industries and transportation. For 179 

instance, the amount of crude oil refining (a large source of benzene) in YRD region was only 180 

second to that in Shandong province (CSY, 2018), and the vehicle population in YRD ranked the 181 

first in China (CSY, 2018). In contrast, there was nearly no high emission industry (such as oil 182 

refining and coking) in Hong Kong. Besides, a series of control measures have been taken in Hong 183 

Kong to reduce the emissions of VOCs (including benzene) from vehicles and solvent usages since 184 

2000s (Lyu et al., 2017; HKEPD, 2019), which might also account for the relatively low levels of 185 

benzene in Hong Kong. However, it is striking to note that the mixing ratios of benzene in the 186 

background air of Hong Kong (0.51 ppbv) was comparable to or even higher than those in the 187 

urban areas of US (0.06 – 0.48 ppbv) (Baker et al., 2008) and Europe (0.46±0.19 ppbv) (EEA, 188 

2018), not to mention much higher levels of benzene in other Chinese cities. 189 

Toluene also exhibited the highest concentrations in YRD among the three city clusters (Table S4). 190 

Differently, the concentrations of toluene in GBA were at high levels, though they were slightly 191 

lower than those in YRD. A concurrent measurement of VOCs at an upwind (Conghua, 0.98±1.57 192 

ppbv) and a downwind site (Jiangmen, 2.05±2.38) in GBA indicated that toluene concentrations 193 

were significantly built up after the air masses passed the GBA cities (Yuan et al., 2012). Thus, 194 

the local emissions to a large extent accounted for the high concentrations of toluene in GBA. 195 

Besides, the toluene concentrations in Hong Kong were comparable to those in the inland GBA 196 

cities, likely resulting from the intensive emissions from vehicles and solvent products (Guo et al., 197 

2007; Ou et al., 2015). The ambient concentrations of toluene in NCP showed significantly 198 

seasonal and geographical variations. Beijing, as the capital city, had significantly lower levels of 199 

toluene than the other NCP cities, possibly thanks to the more stringent controls of vehicular and 200 

industrial emissions. Besides, notably higher concentrations of toluene were observed in winter. 201 

In addition to the lower boundary layer and less depletion in photochemical reactions, the stronger 202 

emissions in heating period played important role in elevating the wintertime toluene in NCP (Liu 203 

et al., 2015; Yang et al., 2018). The mixing ratios of toluene reported in the other Chinese cities 204 

were generally within the range of 1 – 2 ppbv, lower than those in the three city clusters. Overall, 205 

the ambient concentrations of toluene in China, particularly in the YRD and GBA, were higher 206 

than those in US (e.g. 0.12 – 1.54 ppbv in 28 US cities between 1999 and 2005 (Baker et al., 2008)) 207 

and Europe (e.g. 2.8 ppbv in 11 European cities during 2003-2008 (Geiss et al., 2011)). 208 

Fortunately, benzene and toluene decreased in some Chinese megacities in the past decade. For 209 

example, a reduction rate of -5.6%/yr (-4.6%/yr) was identified for benzene (toluene) in Beijing 210 

from 2002 to 2013 (Wang et al., 2015). In Shanghai, benzene and toluene declined by -6.0%/yr 211 

and -4.9%/yr between 2007 and 2015, respectively (Gao et al., 2017). Hong Kong did not witness 212 

the significant decrease of benzene, however a downward trend (-3.4%/yr) was observed for 213 

toluene during 2005 – 2014 (Wang et al., 2017). The trends of benzene and toluene concentrations 214 

in many other Chinese cities are unknown to us. It is noteworthy that the median of statistical years 215 

in YRD was May 2011and 2010 for benzene and toluene, respectively, ~3 years earlier than those 216 

in NCP (Figure 3). Due to their high reduction rates in recent years, the concentrations of benzene 217 

and toluene in YRD may not be the highest anymore in China. In fact, the concentration of benzene 218 

in Shanghai, YRD was comparable to that in Guangzhou, GBA in the 2018 “ATMSYC” sampling 219 
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campaign, though Shanghai still had higher toluene concentration than Guangzhou and Beijing 220 

(data not shown). 221 

 222 

3.2. Halogenated hydrocarbons 223 

The mixing ratios of 9 halogenated hydrocarbons were reviewed and discussed in this section. As 224 

shown in Table S5, moderate and comparable levels of 1,2-dichloropropane were observed in 225 

Beijing, northern China (0.42 ppbv) (Gu et al., 2019), Shanghai, eastern China (0.39 ppbv) (Ran 226 

et al., 2009), Xinken, southern China (0.30 ppbv) (Shao et al., 2011) and Wuhan, central China 227 

(0.40 ppbv) (Hui, et al., 2018). However, the irregular and/or site-specific emissions might result 228 

in the large differences in 1,2-dichloropropane concentrations even within the same city. In NCP, 229 

the mixing ratios spanned from less than 0.1 ppbv to 1 ppbv, and the values of up to 1.01 ppbv and 230 

as low as 0.05±0.14 ppbv (Li et al., 2016) were reported in the urban atmosphere of Beijing. 231 

Furthermore, it is interesting to note that the concentrations at the background sites were not 232 

necessarily lower than those in the urban areas, e.g.  0.14±0.08 ppbv at a background site in 233 

Shandong province (Yucheng) (Zhu et al., 2016) and 0.05±0.14 ppbv in urban Beijing (Li et al., 234 

2016). This might be related to the use of 1,2-dichloropropane containing pesticides in rural areas. 235 

It is noteworthy that the background levels of 1,2-dichloropropane in China were more than 100 236 

times higher than that in North America (0.001 ppbv in Canada (Qadoumi et al., 2016)).  237 

Table S6 summarizes the ambient concentrations of trichloroethylene. Roughly comparable levels 238 

were observed between NCP and YRD, which were lower than those in the inland cities of GBA, 239 

such as Guangzhou. The high levels of trichloroethylene (0.4 – 0.6 ppbv) in Guangzhou were 240 

documented in many publications (Liu et al., 2008a; Ling et al., 2011; Shao et al., 2011). Even at 241 

a background site in GBA, the mixing ratios of trichloroethylene (0.17±0.13 ppbv) were higher 242 

than those in the urban areas of Beijing (NCP) and Shanghai (YRD) (Wu et al., 2016). This might 243 

be associated with the widespread manufacturing of electronics in GBA, where trichloroethylene 244 

was commonly used as the degreasers (Waters et al., 1977). In contrast, much lower levels of 245 

trichloroethylene were observed in Hong Kong (Lau et al., 2010; Guo et al., 2013; Liu et al., 2019), 246 

the most developed city in GBA, benefited from the very few industries. In the other Chinese cities, 247 

the ambient trichloroethylene was on relatively low to moderate levels. Again, the concentrations 248 

of trichloroethylene in ambient air of China were higher than those in US and European countries. 249 

The background levels of trichloroethylene measured in Canada (< 0.008 ppbv) (Yokouchi et al., 250 

1996) were even comparable to the North-Hemisphere (NH) background levels (0.003±0.001) 251 

(Koppmann et al., 1993). 252 

Vinyl chloride in ambient air has been seldom studied in China. The incomplete review suggested 253 

that the YRD suffered from predominantly high concentrations (Table S7). Though Hefei had the 254 

most abundant vinyl chloride among the cities reviewed, it is a city in vicinity of YRD. Therefore, 255 

some specific emissions were responsible for the high levels of vinyl chloride in YRD or eastern 256 

China. Vinyl chloride is mostly used to produce polyvinyl chloride (PVC). The statistics of 257 

nationwide PVC productions indicated that eastern China undertook the largest fraction (34.5%) 258 

of the total PVC productions in China in 2007. The percentage decreased to 10.0% in 2016; 259 
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however, it was only lower than that in the northwestern (44.0%) and northern China (31.0%) 260 

(CSY, 2018). As such, the PVC productions might partially explain the high concentrations of 261 

vinyl chloride in eastern China. The PVC productions in northern China were mainly 262 

accomplished in Shandong province and Tianjin, where the ambient concentrations of vinyl 263 

chloride were not available. By only including the data in Beijing, the ambient concentrations of 264 

vinyl chloride in the NCP were most likely underestimated. Besides, it is striking to recognize the 265 

decadal changes of PVC productions in northwestern China (mainly Xinjiang, Inner Mongolia and 266 

Shaanxi) from 10.6% in 2007 to 44.0% in 2016 (CSY, 2018), representing the significant industry 267 

migration under China’s “Go West” strategy. The migration of industries in China indicated the 268 

necessity of the nationwide monitoring of HAPs (including vinyl chloride), particularly in the less 269 

developing regions. 270 

The spatial distributions of the other 6 halogenated hydrocarbons (Tables S8-S13) with fewer 271 

weights of evidence proving the carcinogenicity are discussed in Text S2. Overall, 272 

dichloromethane and chloroform were observed to have higher concentrations in NCP, which 273 

might be attributable to their applications as solvents, such as the uses in pharmaceutical industries. 274 

1,2-dichloroethane was higher in NCP and YRD, likely associated with the productions of PVC 275 

and/or coal combustion. The distribution of tetrachloroethylene was relatively homogeneous 276 

across the country, while the spatial patterns of 1,3-dichloropropene and 1,1,2,2-tetrachloroethane 277 

were not summarized from the limited studies. Except for tetrachloroethylene, the ambient 278 

concentrations of hazardous halogenated hydrocarbons in China were tremendously higher than 279 

those in US and Europe. What’s worse, most of these halogenated hydrocarbons are not 280 

continuously or regularly monitored, so their temporal trends are unknown.  Hence, the spatial 281 

patterns reviewed for individual halogenated hydrocarbons here are instructive, though they 282 

inevitably have some uncertainties. 283 

 284 

3.3. Formaldehyde & acetaldehyde 285 

Figure 4 presents the monthly average column concentrations of formaldehyde (HCHO) in China 286 

observed by Ozone Monitoring Instrument (OMI) on the Aura platform. The concentrations in 287 

January and July 2016 are plotted to reflect the spatial distributions of tropospheric HCHO in 288 

winter and summer, respectively. Notably, the summertime HCHO was much more abundant than 289 

that in winter, indicating the significant productions of HCHO through photochemical reactions in 290 

summer. The NCP and YRD had the highest column concentrations of summertime HCHO, 291 

consistent with the spatial distribution of ozone (not shown). In contrast, the wintertime HCHO 292 

was mainly concentrated in NCP, though the relatively high concentrations were also observed in 293 

some places of southern China and Sichuan Basin, southwestern China. Since the low temperature 294 

and weak solar radiation in winter in NCP were unfavorable for the secondary formation of HCHO, 295 

primary emissions were expected to account for the high levels of wintertime HCHO in NCP. 296 
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 297 

Figure 4 Distributions of the monthly average column concentrations of tropospheric HCHO 298 

across China in January 2016 (a) and July 2016 (b). Negative values are invalid readings of the 299 

very low concentrations and the blank areas in panel (a) are due to the lack of sunlight when the 300 

satellite passed these areas in winter (a drawback of the sun-synchronous orbit satellite). 301 

Generally, the prevalence of HCHO in summer was also discernible from the ground-based 302 

observations, as shown in Table S14. The concentrations of surface HCHO followed the same 303 

spatial patterns as the tropospheric column concentrations, i.e. higher in NCP and YRD and lower 304 

in GBA and other regions of China. To our knowledge, the highest mixing ratios of HCHO were 305 

reported in Beijing, NCP (18.32 ppbv) (Sheng et al., 2018), followed by 16.60 ppbv in Hangzhou, 306 

YRD (Weng et al., 2009) and 15.80 ppbv in Shanghai, YRD (Huang et al., 2008). Though the 307 

concentration of up to 10.23 ppbv was ever determined for HCHO in Guangzhou, GBA (Lu et al., 308 

2010), most studies reported the HCHO concentrations of lower than 7 ppbv in GBA. Despite the 309 

sparse industries, Hong Kong did not differentiate itself from the inland GBA cities in the ambient 310 

concentrations of HCHO, which might be due to the intensive vehicle emissions and secondary 311 

formation. The other regions in China had the HCHO concentrations roughly comparable to those 312 

in GBA.  313 

In line with HCHO, acetaldehyde (CH3CHO) also exhibited higher concentrations in summer, 314 

resulting from the photochemical reactions. The spatial distributions of CH3CHO were also very 315 

similar to those of HCHO (Table S15). However, the differences were not as pronounced as those 316 

for HCHO. For example, the highest value in GBA was 7.12 ppbv (Lu, et al., 2010), only slightly 317 

lower than 8.10 ppbv in YRD (Huang et al., 2012) and 7.96 ppbv in NCP (Duan et al., 2012). 318 

Relatively lower concentrations were observed for CH3CHO in the other regions of China, 319 

compared to those in the three city clusters.  320 

To put China in the global context, we noticed that the concentrations of HCHO and CH3CHO in 321 

China were several to more than ten times those in US and Europe (Tables S13-S14). Furthermore, 322 

studies (Zhu et al., 2018a) indicated the increasing trends of HCHO across China, due to the rise 323 

in emissions of anthropogenic NMVOCs (MEIC, 2016) and the enhancement of the oxidative 324 

capacity of the atmosphere (Li et al., 2019). The most obvious growth was observed in YRD and 325 

NCP, with a rate of 1.5%/yr and 1.1%/yr during 2005 – 2016), respectively (Shen et al., 2019). As 326 

such, the YRD and NCP are most likely the toughest regions suffering from ambient HCHO. 327 
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 328 

3.4. Other hazardous VOCs 329 

1,3-Butadiene is mostly used to make rubber and plastics, and can also be emitted from the 330 

combustion processes, such as fuel combustion and biomass burning. As shown in Table S16, the 331 

ambient concentrations of 1,3-butadiene were generally low (<0.4 ppbv). The distributions were 332 

relatively homogeneous across China, with the upper limit of ~0.30 ppbv in NCP and GBA, and 333 

~0.40 ppbv in YRD. The concentrations of 1,3-butadiene were generally higher in the megacities 334 

(e.g. Beijing, Shanghai, Hangzhou and Guangzhou) than in the other cities, indicating the 335 

dominance of vehicle exhausts in the sources of 1,3-butadiene. The ambient concentrations of 336 

ethylene oxide, acrylonitrile and quinoline have been seldom reported in China. 337 

 338 

4. Sources of ambient hazardous VOCs 339 

4.1. Sources of benzene and toluene 340 

Figure 5 shows the source contributions to ambient benzene and toluene across China (Cai et al., 341 

2010; Gao et al., 2016; Hsu et al., 2018; Hu et al., 2018; Huang et al., 2017, 2018; Hui et al., 2018; 342 

Lau et al., 2010; Li et al., 2015, 2016, 2017; Liu et al., 2014, 2016, 2017; Lyu et al., 2016; Mo et 343 

al., 2018; Sun et al., 2016; Wang, 2017; Wang et al., 2018; Wu et al., 2016; Yan et al., 2017; Yuan 344 

et al., 2013; Zhang et al., 2014, 2017 a,b, 2018 a,b; Zhu et al., 2018b). Nationally, transportation 345 

dominated the sources of benzene, with the average contribution of 48.3%. Also as the significant 346 

contributors, solvent usage, industrial emissions and combustion accounted for 16.1%, 13.8% and 347 

11.3% of the ambient benzene, respectively. The other sources, such as residential activities and 348 

natural sources made minor contributions to benzene. No obvious spatial pattern was 349 

distinguishable for the contributions of transportation to the ambient benzene across China. 350 

Industrial emissions served as one of the largest sources of benzene in YRD, which contributed 351 

35.7% to the ambient benzene in Shanghai (Cai et al., 2010; Zhang et al., 2013) and 73.0% in 352 

Ningbo (Wang, 2017). Specifically, 52.4% of the ambient benzene was assigned to the steel related 353 

industrial productions in Shanghai (Cai et al., 2010) and the industrial emissions of benzene in 354 

Ningbo were mainly (54.0%) originated from the petrochemical industry (Wang, 2017). This 355 

partially explained the highest concentrations of benzene in YRD. Combustion also played a role 356 

in building up the ambient concentrations of benzene in central and northern China. For example, 357 

coal combustion was responsible for more than 50% of benzene in Wuhan (Lyu et al., 2016; Hui 358 

et al., 2018). In contrast, it only made minor or negligible contributions to the ambient benzene in 359 

eastern and southern China, except for the contribution of 30% at a background site likely due to 360 

the domestic biofuel burning in the rural areas (Wu et al., 2016). 361 
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   362 

Figure 5 Source contributions to ambient benzene (a) and toluene (b) in different cities of China. 363 

Numbers following the city names indicate the numbers of publications where the source 364 

contributions were available and adopted to calculate the averages. 365 

The ambient toluene in China was mainly originated from transportation (41.1%), solvent usage 366 

(24.1%) and industrial emissions (17.6%). The contribution of transportation to toluene (41.1%) 367 

was slightly lower than to benzene (48.3%), in contrast to the higher loadings of toluene (24.1%) 368 

than benzene (16.1%) in solvent usage. The latter coincided with the higher contents of toluene in 369 

most solvent products (Liu et al., 2008b; Lyu et al., 2017). The spatial patterns of the source 370 

contributions to toluene were similar to benzene. Transportation was the largest source of toluene 371 

in most cities, except for the higher contributions from industrial emissions in some cities of YRD. 372 

It seemed that solvent usage played more significant role in the sources of toluene in the megacities, 373 

such as the contribution of 47.7% in Hong Kong (Guo et al., 2007; Lau et al., 2010; Guo et al., 374 

2011; Ou et al., 2015) and of 46.2% in Shanghai (Cai et al., 2010; Zhang et al., 2018). This might 375 

be due to the larger amounts of usages of solvent products (e.g. architectural paints and automobile 376 

coatings) in the more developed cities. 377 

To conclude, transportation was the largest source of ambient benzene and toluene in Chinese 378 

cities with the overall contribution of 40 – 50%. Industrial emissions also made considerable 379 

contributions in YRD, eastern China. Solvent usage was more responsible for the ambient toluene, 380 

and played significant roles in building up toluene concentrations in the megacities. 381 

4.2. Sources of hazardous halogenated hydrocarbons 382 

The sources of hazardous halogenated hydrocarbons are ubiquitous and complicated. As shown in 383 

Table S17, most of them can be emitted from industrial sectors. The residential activities are also 384 

potential sources, such as the emissions of tetrachloroethylene, dichloromethane, dichloroethane 385 

and trichloroethylene from dry cleaning (Wang, 2010), chloroform and dichloromethane from the 386 

obsolete air conditioners (Wang, 2010) and dichloromethane from catering (Zhang and Ma, 2011). 387 

Combustion mainly accounts for the emissions of light halogenated hydrocarbons containing 1-2 388 

halogen atoms. For example, biomass burning is widely recognized as a source of methyl chloride 389 
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and dichloromethane (Rudolph et al., 1995), while 1,2-dichloroethane can be emitted from coal 390 

combustion (Lyu et al., 2016). Besides, the hazardous halogenated hydrocarbons emitted from 391 

transportation are generally dichloromethane, dichloroethane and chloroform (Li et al., 2015, 2016; 392 

Wang et al., 2014, 2018), which are also typical species in oceanic and plant emissions – the natural 393 

sources (Wang, 2010).  394 

To avoid the over-complexity, the source contributions to the 9 hazardous halogenated 395 

hydrocarbons were not discussed individually. Instead, Figure 6 shows the overall contributions 396 

of different sources to the total hazardous halogenated hydrocarbons across China (Cai et al., 2010; 397 

Guo et al., 2009; Lau et al., 2010; Li et al., 2015, 2016; Liu et al., 2017; Lyu et al., 2016; Wang, 398 

2017; Wang et al., 2018; Wu et al., 2016; Yuan et al., 2013; Zhang et al., 2014, 2018 a,b; Zhu et 399 

al., 2018b). It should be noted that some compounds, which are not belonging to the 17 hazardous 400 

VOCs (Table 1) such as methyl chloride, carbon tetrachloride and chlorobenzene, were also 401 

included in the statistics. For the reasons, it was difficult to subtract their concentrations from the 402 

total concentrations reported in many publications. In addition, they are also detrimental to human 403 

health, which are just not given priority to be controlled by US EPA. 404 

According to Figure 6, the industrial emissions constituted the largest source of the ambient 405 

hazardous halogenated hydrocarbons in China, with the nationwide average contribution of 37.0%, 406 

followed by solvent usage (22.9%), transportation (17.1%) and combustion (15.7%). It is 407 

noteworthy that the solvent usage here denoted the solvents used in both industries and residential 408 

activities. Therefore, the contributions of industrial emissions were even underestimated. 409 

Furthermore, the industrial emissions were more significant in southern, eastern and central China, 410 

particularly in GBA where 61.5% of the total hazardous halogenated hydrocarbons were originated 411 

from industrial emissions (Yuan et al., 2013). However, solvent usage ranked the first in Hong 412 

Kong, mainly attributable to the uses of household products and dry-cleaning activities (Guo et al., 413 

2009; Lau et al., 2010). Solvent usage also played important roles in central and eastern China, 414 

where it mainly referred to the uses of industrial solvents (Wang, 2017; Zhang et al., 2018). No 415 

obvious spatial pattern was identified for the contributions of transportation and combustion.  416 

To sum up, the hazardous halogenated hydrocarbons in the ambient air of China were 417 

predominantly emitted from industrial sources, with considerable contributions from solvent usage, 418 

transportation and combustion. However, studies on the sources of hazardous halogenated 419 

hydrocarbons in China were quite insufficient, leading to uncertainties in the source contributions 420 

summarized above. To clearly understand the sources of hazardous halogenated hydrocarbons, 421 

more comprehensive studies are required. 422 
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 423 

Figure 6 Source contributions to the total hazardous halogenated hydrocarbons in different Chinese 424 

cities. Numbers following the city names indicate the numbers of publications where the source 425 

contributions were available and adopted to calculate the averages. 426 

 427 

4.3. Sources of HCHO and CH3CHO 428 

The ambient HCHO and CH3CHO are derived from not only primary emissions but also secondary 429 

formation. The ever identified primary sources include vehicle exhausts, biomass burning, biofuel 430 

burning, coal combustion, industrial emissions and solvent usage, as well as the plant emissions. 431 

The HCHO directly emitted from plants and that formed with the plant emissions as precursors 432 

were separately discussed. For the integrated HCHO values reported as a whole, the primary and 433 

secondary contributions were decomposed, according to the emission ratio of HCHO/isoprene 434 

(0.98 ± 0.07 ppbv/ppbv) (Yuan et al., 2012) and the yield of HCHO from isoprene oxidation (0.57 435 

– 0.63) (Atkinson and Arey, 2003). The HCHO and CH3CHO assigned to the background and 436 

aged air masses might include both the primarily emitted and secondarily formed parts. 437 

Figure 7 shows the source contributions to ambient HCHO and CH3CHO across China (Chen et 438 

al., 2014; Han et al., 2019; Huang et al., 2019; Li et al., 2010, 2014; Liu et al., 2008, 2017; Ling 439 

et al., 2016, 2017; Ma et al., 2019; Su et al., 2019; Wang et al., 2015, 2017; Yang et al., 2017; 440 

Yuan et al., 2012; Zhou et al., 2019; Zhu et al., 2019). Secondary formation dominated the sources 441 

of HCHO, with the nationwide average contribution of 43.0%. In fact, the contribution was most 442 

likely underestimated, because the secondarily formed HCHO could also exist in the background 443 

and aged air masses, which accounted for 12.6% and 2.2% of the ambient HCHO, respectively. 444 

33.3% of the HCHO was contributed by primary emissions, among which the contributions of 445 

vehicle exhausts (9.9%), combustion (6.1%), biogenic emissions (4.0%) and solvent usage (2.0%) 446 

were separately quantified, while the rest (11.4%) were not resolved into specific sources. 447 
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Secondary formation played more important roles in eastern and southern China. The contribution 448 

of secondary formation to HCHO reached as high as 68% in Hong Kong (Ling et al., 2016). 449 

According to the studies where the biogenic emissions were identified, the southern China also 450 

had higher biogenic emissions of HCHO (e.g. 21.3% in Shenzhen vs. 5.9% in Beijing), which 451 

might be due to the more vegetation and higher temperature in southern China. While combustion 452 

made minor contributions in most cities, it was responsible for up to 53.2% of HCHO at a suburban 453 

site in Ziyang, Sichuan, resulting from the intensive biomass burning (Li et al., 2014). There was 454 

no discernible spatial pattern for the contributions to HCHO of the other sources. 455 

For the sources of CH3CHO, primary emissions (51.5%) overrode secondary formation (30.7%), 456 

without the consideration of the primarily emitted and/or secondarily formed CH3CHO in the 457 

sources of background and aged air masses. Biogenic emissions (16.1%) ranked the first among 458 

the primary sources, followed by vehicle exhausts (11.6%), combustion (3.9%) and solvent usage 459 

(3.7%). It is worth noting that the biogenic emissions might be overestimated, because the 460 

secondarily formed CH3CHO with biogenic VOCs as precursors were not separated from the 461 

biogenic emissions in some publications. Besides, 16.3% of the primary emissions were not 462 

resolved to the specific sources. The spatial patterns of the source contributions to CH3CHO were 463 

not distinguishable, which might be due to the limited number of studies and the inconsistencies 464 

in site categories, study periods and source definitions. 465 

Overall, secondary formation was the largest contributor to ambient HCHO in Chinese cities, while 466 

primary emissions dominated the sources of CH3CHO. Vehicle exhausts and biogenic emissions 467 

also made certain contributions to both HCHO and CH3CHO. To advance our understandings on 468 

the sources of HCHO and CH3CHO, integrated studies at national scale are necessary. The sources 469 

of unresolved primary emissions, background and aged air masses should be further resolved. 470 

   471 

Figure 7 Source contributions to ambient HCHO (a) and CH3CHO (b) in different Chinese cities. 472 

Numbers following the city names indicate the numbers of publications where the source 473 

contributions were available and adopted to calculate the averages. 474 

5. Risk assessment of inhalation exposure to hazardous VOCs in China 475 
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As stated in section 2.3, the health risks of inhalation exposure to the hazardous VOCs were 476 

assessed by HQs and ICRs, reflecting the chronic non-cancer and cancer risks, respectively. Figure 477 

8 (a) shows the average HQs of the hazardous VOCs, whose concentrations and RfCs are available. 478 

Overall, the inhalation exposures to the hazardous VOCs in ambient air of China were not likely 479 

to be associated with the non-cancer toxicity, with the HQs less than 1. However, it did not mean 480 

that the chronic health effects could be completely eliminated across the country. Specifically, the 481 

detrimental effects were expectable for the exposure to HCHO (HQ = 1.22) in the NCP and 482 

exposure to HCHO (HQ = 1.33) and CH3CHO (HQ = 1.26) in the YRD. While the average HQs 483 

of HCHO were below 1 in the GBA, the occasionally reported high concentrations of HCHO in 484 

some cities indicated the non-cancer risks, e.g. HQ = 1.52 and 1.03 in Guangzhou in the summer 485 

of 2005 and 2006, respectively. The situations were the same for inhalation exposure to CH3CHO. 486 

Attentions may also be paid to trichloroethylene in Guangzhou (HQ = 1.23 – 1.55 in the 2000s), 487 

and 1,2-dichloropropane in Beijing (HQ = 1.27 in the autumn of 2014). In fact, studies (McCarthy 488 

et al., 2009) reminded that the potential risks existed for the exposure to HAPs, provided that HQs 489 

were higher than 0.1. Accordingly, the potential concerns on the exposures to HCHO, CH3CHO, 490 

trichloroethylene, 1,2-dichloropropane, benzene and 1,3-butadiene were not unnecessary, due to 491 

the nationally average HQs of higher than 0.1 for these compounds (Figure 8 (a)).  492 

 493 

Figure 8 Nationwide average HQs (a) and ICRs (b) of hazardous VOCs in China. Red and orange 494 

lines in panel (a) stand for HQ of 1 and 0.1, respectively. Red, orange and green lines in panel (b) 495 

indicate the ICR of 1×10-4, 1×10-5 and 1×10-6, respectively. Numbers at the end of the columns are 496 

the number of publications where the concentrations of the corresponding VOCs are adopted in 497 

calculations. 498 

The nationwide average cancer risks of exposure to the ambient hazardous VOCs are presented in 499 

Figure 8 (b). According to previous studies (Sexton, et al., 2007), the cancer risks were classified 500 

as “definite risk” (ICR > 1×10-4), “probable risk” (1×10-5 < ICR < 1×10-4) and “possible risk” 501 

(1×10-6 < ICR < 1×10-5). ICR of 1×10-6 was the benchmark of acceptable exposure level 502 

recommended by US EPA (USEPA, 2019d). It is striking to note that the total probability of 503 

developing cancers through exposures to the hazardous VOCs in ambient air of China was 3.22 × 504 

10-4. Namely, the hazardous VOCs in the ambient air of China definitely enhanced the cancer risks 505 
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for the residents who breathe the air. HCHO was identified as the primary carcinogen in the air, 506 

with the ICR of 1.11 × 10-4 (“definite risk”), followed by 1,2-dichloroethane (0.54 × 10-4), 1,1,2,2-507 

tetrachloroethane (0.38 × 10-4), benzene (0.36 × 10-4) and chloroform (0.28 × 10-4). The acceptable 508 

cancer risks were only identified for the exposures to tetrachloroethylene and dichlomethane. 509 

Furthermore, the ICRs of hazardous VOCs were compared among different regions of China, 510 

including the NCP, YRD, GBA and the other regions (mainly the central and southwestern China), 511 

as shown in Figure 9. The exposures to hazardous VOCs in the YRD had the highest cancer risk 512 

(3.96 × 10-4), in contrast to the lowest risk in the GBA (1.51 × 10-4). However, even the lowest 513 

cancer risk was at the level of “definite risk” (ICR > 1×10-4). HCHO was the largest contributor to 514 

the total ICRs in most regions of China, i.e. 1.43 × 10-4 (36.1%) in the NCP, 0.73 × 10-4 (48.1%) 515 

in the GBA and 0.89 × 10-4 (33.6%) in the regions other than the three city clusters. In the YRD, 516 

the highest cancer risk was due to exposure to 1,2-dichloroethane (1.72 × 10-4), slightly higher 517 

than 1.56 × 10-4 for exposure to HCHO. In fact, the ICR of 1,2-dichloroethane was only second to 518 

that of HCHO in the NCP and the regions other than the three city clusters. Benzene also 519 

significantly enhanced the cancer risks of inhalation exposure in the GBA. Although a significant 520 

reduction in benzene was observed in NCP and YRD (section 3.1), the reduction in total ICRs was 521 

estimated to be less than 2%. Therefore, the conclusion that hazardous VOCs exhibit high ICRs in 522 

YRD and NCP will be held, unless there is new evidence that other species are greatly reduced. 523 

 524 

Figure 9 ICRs of exposure to hazardous VOCs among different regions in China. The areas of the 525 

pie charts represent the relative levels of ICRs. ***, ** and * denote the “definite risk”, “probable 526 

risk” and “possible risk”, respectively. Numbers of values for averages calculation are given in 527 

Table S18. 528 
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 529 

As verification, the health risks of inhaling the hazardous VOCs in ambient air of China were 530 

assessed based on the concentrations of VOCs collected in January – February 2018 across China 531 

under the “ATMSYC” project (Figure S2). The compounds of concern in terms of the chronic non-532 

cancer risks mainly included HCHO, CH3CHO, 1,3-butadiene, benzene and trichloroethylene, in 533 

the descending order of HQ. Except for 1,2-dichloropropane that was not analyzed, the compounds 534 

were exactly the same as the review results. Consistently, the ICRs of most hazardous VOCs 535 

exceeded the acceptable level (1×10-6) in China, and HCHO was the main source of the total ICR. 536 

Benzene and chloroform, to which the inhalation exposure caused “probable” cancer risks 537 

according to the published data, also presented significant  carcinogenic effects in the 2018 538 

sampling campaign. The other hazardous VOCs with ICRs in the range of 1×10-5 – 1×10-4 were 539 

not analyzed, except for acetaldehyde whose ICR decreased to lower than 1×10-5. It is interesting 540 

to note that the HQs and ICRs of most VOCs in the 2018 sampling campaign were lower than 541 

those calculated from the published data. For HCHO and CH3CHO, this might be due to the lower 542 

concentrations in winter. For the other compounds, the air pollution control measures taken in 543 

recent years might work in decreasing their ambient concentrations. However, the health risks of 544 

inhalation exposure to 1,3-butadiene were even enhanced in 2018, while the causes are unknown 545 

to us. The spatial distributions of the total ICRs are not compared, because the 2018 sampling 546 

campaign did not focus on the three city clusters, but the large cities across the country. For 547 

example, Lanzhou in northwestern China was identified as the city having the highest ICRs, while 548 

the ICRs were relatively low in Beijing and Shanghai, likely due to the stringent air pollution 549 

controls in the megacities. 550 

To sum up, HCHO imposed the greatest threat to the health of Chinese citizens among the ambient 551 

hazardous VOCs. The inhalation exposures to CH3CHO, benzene, 1,3-butadiene, trichloroethylene 552 

and chloroform were also concerns. The other halogenated hydrocarbons with small sample sizes 553 

reviewed and not analyzed in the 2018 sampling campaign, such as 1,2-dichloroethane, 1,1,2,2-554 

tetrachloroethane and 1,2-dichloropropane might also be detrimental to human health but with 555 

relatively high uncertainties. 556 

 557 

6. Discussion and Conclusions 558 

Hazardous VOCs in the ambient air are serious threats to human health, which however have not 559 

been systematically studied in China. This review discussed the spatial distributions, sources and 560 

health effects of 17 hazardous VOCs across the country. Overall, YRD in eastern China and NCP 561 

in northern China suffered from higher concentrations of most hazardous VOCs, such as benzene, 562 

toluene, vinyl chloride, dichloromethane, chloroform and 1,2-dichloroethane, mainly resulting 563 

from the industrial emissions and transportation. The summertime formaldehyde also exhibited 564 

higher levels in YRD and NCP. This was mostly explained by the secondary formation with 565 

stronger oxidative capacity of the atmosphere in both regions, as indicated by the spatial patterns 566 

of ozone. Though GBA in southern China had relatively lower concentrations of most hazardous 567 

VOCs, trichloroethylene exhibited high concentrations, likely due to the applications of 568 
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trichloroethylene as industrial solvent. Overall, the nationwide average concentrations of all the 569 

hazardous VOCs were lower than the levels causing chronic non-cancer effects. However, the 570 

potential risks could not be eliminated, particularly for the exposures to formaldehyde. What’s 571 

worse, the cancer risks of inhalation exposures to ambient VOCs in China were substantially 572 

higher than the recommended benchmark. It seemed that the residents in YRD and NCP bore high 573 

risks of developing cancers by inhaling the hazardous VOCs in the air. Among all the ambient 574 

VOCs, formaldehyde presented the biggest threat to the health of Chinese citizens, regardless of 575 

non-cancer or cancer effects, and the situation is getting worse with the increase of formaldehyde 576 

concentrations. In addition to toluene whose inhalation unit risk was not available, only 577 

tetrachloroethylene and dichlomethane were identified to raise acceptable inhalation cancer risks. 578 

While 6 VOCs are specified in the list of HAPs proposed by MoEE, PRC, more VOCs, such as 579 

benzene, 1,3-butadiene and some halogenated hydrocarbons, should be included. 580 

Despite uncertainties reminded where necessary, this is the first review of hazardous VOCs in 581 

China. However, comprehensive studies on the hazardous VOCs at national scale are required. 582 

Observations concurrently performed in different cities across the country will help to 583 

unambiguously understand the distributions of hazardous VOCs, as well as the sources. A health 584 

effect – based list of hazardous VOCs should be proposed. Regular monitoring and emission 585 

control of the compounds with significant health effects are necessary. 586 
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