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Abstract
The	 last	 two	decades	have	witnessed	 rapid	urbanization	and	economic	growth	ac-
companied by severe indoor air pollution of volatile organic compounds (VOCs) in 
China.	However,	indoor	VOC	pollution	across	China	has	not	been	well	characterized	
and documented. This study is a systematic review of field measurements of eight 
target	 VOCs	 (benzene,	 toluene,	 xylenes,	 acetaldehyde,	 p-	dichlorobenzene,	 butadi-
ene, trichloroethylene, and tetrachloroethylene) in residences, offices, and schools in 
China	from	2000	to	2021.	The	results	show	that	indoor	pollution	of	benzene,	toluene,	
and	xylenes	has	been	more	serious	in	China	than	in	other	countries.	Spatiotemporal	
distribution shows lower indoor VOC levels in east and south- east regions and a 
declining	 trend	 from	2000	 to	2021.	Moving	 into	a	dwelling	more	 than	1 year	after	
decoration	and	 improving	ventilation	could	significantly	 reduce	exposure	 to	 indoor	
VOCs.	Reducing	benzene	exposure	is	urgently	needed	because	it	is	associated	with	
greater	health	 risks	 (4.5 × 10−4	 for	 lifetime	cancer	 risk	and	8.3	 for	hazard	quotient)	
than any other VOCs. The present study enriches the database of indoor VOC levels 
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1  |  INTRODUC TION

Volatile organic compounds (VOCs), a group of indoor air pollut-
ants,	 have	 sparked	wide	 public	 concerns	 during	 the	 last	 few	 dec-
ades. Indoor elevated VOC concentrations mainly result from widely 
used building materials, such as wood panels, wooden furniture, 
adhesives,	coatings,	solvents,	carpets,	textiles,	and	floorings.1	With	
rapid	economic	growth	and	urbanization	in	China	since	the	1990s,	
large	quantities	of	building	materials	have	been	manufactured	and	
purchased, a significant proportion of which has been used for the 
decoration and refurbishment that have become popular in Chinese 
indoor environments (e.g., residences, offices, schools, and even 
children's daycare centers). For instance, the annual production 
and consumption of wood- based panels in China have increased by 
4.8	times	and	12.2	times	from	2005	to	2019,	respectively.2 Various 
VOCs can be emitted from those building materials since they are 
not chemically bound to the material matrices, and this may lead 
to	 deterioration	 of	 indoor	 air	 quality	 in	 China.	 VOCs	mostly	 exist	
in the gas phase due to low boiling points (<250°C).3,4 Inhalation 
exposure	 to	airborne	VOCs	has	been	 linked	 to	 significant	adverse	
health impacts, including asthma,5,6 dermatitis,7,8 bronchitis,9 car-
diovascular diseases,10,11	and	even	leukemia.12,13 Some of the most 
frequently	 detected	 compounds	 in	 Chinese	 indoor	 environments	
(e.g.	formaldehyde,	benzene,	and	trichloroethylene)14–	16 have been 
classified	as	group	1	or	2A	substances	by	the	International	Agency	
for	Research	on	Cancer	(IARC),	i.e.,	carcinogenic	or	probably	carci-
nogenic in humans.17	The	ubiquitous	indoor	sources	and	the	adverse	
health impacts imply that more attention must be paid to indoor 
VOC pollution.

Currently,	 there	 still	 lacks	 systematic	 research	 providing	 ade-
quate	knowledge	of	indoor	VOC	concentrations	across	China.	Most	
individual field studies of indoor VOCs have been conducted either 
with	limited	sample	sizes,	or	in	size-	limited	regions,	or	with	limited	
kinds	of	VOCs	based	on	the	current	standard,	and	accordingly	can-
not give a comprehensive description of VOC levels in China. For 
example,	Zhou	et	al.18 investigated the levels of formaldehyde, ben-
zene,	 toluene,	 and	 xylenes	 in	 5399	 residences	 in	Hunan	 province	
from	2004	to	2006.	Dai	et	al.15 measured and identified 101 types 
of VOCs in only eight residences in Shanghai in 2015. Duan et al.16 
measured	the	concentrations	of	94	VOCs	 in	only	50	residences	 in	
one district in Beijing. Therefore, a systematic review can help col-
lect all available field measurements and provide a bird's- eye view of 
indoor	VOC	pollution.	Actually,	several	systematic	studies	of	indoor	
formaldehyde (the most predominant indoor air pollutant in China) 

levels have been published,19,20 but systematic reviews of other in-
door VOC levels across the whole country have been sparse. Du 
et al.14 reviewed available studies on indoor VOC concentrations 
across	urban	China	and	assessed	associated	health	risks,	which	was	
one	of	the	few	related	review	articles.	However,	the	targeted	regions	
were limited to three eastern metropolitan regions (i.e., Beijing- 
Tianjin-	Hebei	Region,	Yangtze	River	Delta	Region,	and	Pearl	River	
Delta Region), with data as of 2013. Therefore, detailed information 
regarding provincial indoor VOC concentrations across China needs 
to be updated as a systematic review.

Another	problem	is	that	the	Indoor	Air	Quality	Standard	of	China	
(GB/T	18883–	2002)	was	written	in	2002,	and	the	updated	version	is	
still under revision.21 In its first iteration, it recommended reference 
limits	 only	 for	 formaldehyde,	 benzene,	 toluene,	 xylenes,	 and	 total	
volatile organic compounds (TVOCs). Other typical VOCs (carcino-
gens or probable carcinogens), such as p-	dichlorobenzene,	butadi-
ene,	and	acetaldehyde	(with	cancer	risks	exceeding	10−6	and	ranking	
second,	fourth,	and	fifth	among	14	typical	 indoor	VOCs	according	
to Du et al.14),	were	not	taken	into	account.	In	addition,	a	series	of	
national	standards	for	 indoor	air	quality	and	building	materials	has	
been published for two decades. The reference limits for target 
VOCs may not be in line with the current national conditions and 
require	to	be	reconsidered.	Solutions	of	both	problems	significantly	

and	provides	scientific	evidence	for	improving	national	indoor	air	quality	standards	as	
well as estimating the attributable disease burden caused by VOCs in China.

K E Y W O R D S
China,	health	risk,	indoor	air	quality,	influencing	factor,	systematic	review,	volatile	organic	
compound

Practical Implications

This	 systematic	 review	 comprehensively	 summarizes	 the	
indoor concentrations of eight typical volatile organic 
compounds (VOCs) in residences, offices, and schools 
from 2000 to 2021 in China. Detailed spatiotemporal dis-
tribution of indoor VOC levels in this systematic review 
can	 provide	 a	 solid	 foundation	 for	 characterizing	 per-
sonal	 exposure	 to	VOCs	 and	 the	 relevant	 burden	of	 dis-
ease across China. Improving ventilation and moving in at 
least 1 year after decoration can significantly reduce the 
exposure	to	indoor	VOCs.	It	is	urgently	needed	to	take	ac-
tions	 to	 reduce	 indoor	 exposure	 to	 benzene,	 butadiene,	
p-	dichlorobenzene,	 and	 acetaldehyde.	 Future	 research	
should	 focus	 on	more	 kinds	 of	VOCs	 detected	 by	 large-	
scale measurements in different indoor environments as 
well	 as	 development	 of	 exposure	 control	 strategies	 for	
high-	risk	compounds.



    |  3 of 20LIU et al.

rely on a systematic review of current VOC pollution in different 
indoor environments in China. From a human health perspective, 
identification	of	VOCs	with	high	health	risks	is	urgently	required	to	
provide scientific evidence for improving regulatory policies and de-
signing healthy indoor environments in China.

Faced with these problems, the Chinese Burden of Disease of 
Indoor	Air	Pollutants	Project	(CBD-	IAP),	focusing	on	estimating	the	
attributable disease burden of indoor air pollution in China, was ini-
tiated	in	2017.	The	task	in	the	first	stage	of	CBD-	IAP	was	to	collect	
concentration data for indoor air pollutants in the first two decades 
of	the	21st	century.	The	objectives	of	this	study	are	to:	(1)	summarize	
provincial and national VOC concentration distributions in typical 
indoor environments across China in the past two decades (Due to 
the wealth of data on formaldehyde concentrations, these will be 
summarized	 in	another	 systematic	 review.);	 (2)	explore	 influencing	
factors on indoor VOC concentrations; and (3) estimate the associ-
ated	health	risks	of	inhalation	exposure	to	those	VOCs	in	China.	This	
detailed information enriches the database of nationwide indoor 
VOC	 concentrations	 and	 exposure	 levels,	 provides	 scientific	 evi-
dence for constituting indoor VOC guidelines in national standards, 
and provides a rationale for estimating the disease burden of indoor 
VOCs in China.

2  |  METHODS

2.1  |  Search strategy and selection criteria

Targeted VOCs were selected if one of the following criteria was met: 
(1)	 this	VOC	has	 been	 included	 in	 the	World	Health	Organization	
(WHO)	 guidelines	 for	 indoor	 air	 quality;22 (2) this VOC has been 
listed in the Chinese national standard GB/T 18883- 2002;21 (3) this 
VOC	 ranked	 the	 top	 five	 among	 the	 ranking	of	 cancer	 risk	 for	 in-
door air pollutants in China from Du et al.'s study;14	or	(4)	this	VOC	
has	 been	 strongly	 recommended	 from	 experts	 in	 CBD-	IAP	 to	 be	
added into the targeted list. Finally, eight VOCs (besides formal-
dehyde)	were	chosen:	benzene,	 toluene,	xylenes,	acetaldehyde,	p- 
dichlorobenzene	 (p-	DCB),	 1,3-	butadiene,	 trichloroethylene	 (TCE),	
and	 tetrachloroethylene	 (or	 perchloroethylene,	 PCE).	 Residences,	
offices,	and	schools	were	taken	into	account	since	adults	spend	most	
of their time in residences and offices while children spent most of 
their	time	in	residences	and	schools.	We	performed	a	systematic	re-
view of indoor concentrations of these eight VOCs using five data-
bases:	Web	of	Science,	PubMed,	Engineering	Village,	China	National	
Knowledge	 Infrastructure	 (CNKI),	 and	Wan	Fang	Data	Knowledge	
Service	 Platform,	 for	 articles	 published	 from	 January	 2000	 to	
December	2021.	The	search	terms	are	shown	in	Appendix	S1: Table 
S1.

Initially, a total of 6137 studies were obtained from the database 
search. Then all studies were screened according to their titles and 
abstracts.	Studies	were	excluded	if	(1)	they	were	not	field	measure-
ments of indoor VOCs between 2000 and 2021; (2) there were no 
specific	quantitative	VOC	concentration	data;	(3)	the	study	was	not	

conducted	in	China;	(4)	the	field	measurements	were	not	conducted	
in residences, offices, or schools; (5) there were other duplicate 
studies;	or	(6)	articles	were	not	in	English	or	Chinese.	After	a	full-	text	
reading,	remaining	studies	were	further	excluded	if	they	(1)	met	one	
of	the	exclusion	conditions	that	had	not	been	explicit	in	just	the	“title	
and	abstract	screening,”	(2)	failed	to	report	the	sample	sizes	or	sta-
tistical data for targeted VOC concentrations. Finally, 201 studies on 
indoor VOC concentrations in China were included in the systematic 
review	and	exposure	level	analysis.	The	complete	 literature	search	
procedure is shown in Figure 1.

2.2  |  Statistical analysis of VOC concentrations

For each study, the main statistics of targeted VOC concentrations 
(i.e.,	mean,	 standard	deviation,	median,	minimum,	and	maximum)	
were	recorded.	As	raw	data	of	the	VOC	concentrations	were	not	
provided by the original studies, goodness- of- fit tests could not 
be	conducted	to	acquire	the	true	distribution	of	VOC	concentra-
tions.	However,	in	most	field	and	modeling	studies,	concentrations	
of indoor air pollutants show a lognormal distribution,14,15,23–	29 
so we assumed that VOC concentrations in each original study 
in this systematic review are lognormally distributed. First, we 
estimated the parameters of the lognormal distribution for each 
included study, based on the provided statistics.30	 According	 to	
different conditions about provided statistics, the detailed esti-
mation	methods	are	described	 in	Appendix	S1: Section S1. Then, 
a Bayesian hierarchical model31 was applied to estimate the pro-
vincial concentration distributions of eight target VOCs. In this 
model, for each VOC, field measurements of concentrations in the 
same province have the same distribution, but the difference in 
concentration distributions among different provinces has been 
accounted for by the hierarchical structure. The posterior distribu-
tion of VOC concentrations in different provinces can be obtained 
through	the	“rstan”	package	in	the	software	R	4.1.0,	which	applies	
the	Hamiltonian	Monte	Carlo	techniques	to	obtain	Bayesian	infer-
ence.31 The detailed process of the Bayesian hierarchical model is 
provided	in	Appendix	S1: Section S2. Finally, given the provincial 
concentration distribution, the national concentration distribution 
was obtained by sampling the posterior provincial concentration 
distribution	(the	sample	size	of	each	province	was	proportional	to	
its population in 201032) and pooling them into a large sample. To 
be	noted,	due	to	lack	of	data	about	the	proportion	of	newly	reno-
vated buildings each year in China, we assumed that all field stud-
ies were randomly sampled, so the proportion of newly renovated 
buildings in all available samples were assumed to represent the 
proportion of newly renovated buildings in China. Our Bayesian 
hierarchical	model	 treated	 all	 field	 data	 in	 the	 last	 20 years	 as	 a	
whole	 and	 equivalently	 used	 the	 average	 proportion	 of	 newly	
renovated buildings during that period, regardless of the temporal 
variation of this value.

Correlations between important influencing factors (climate 
regions, seasons, decoration time, and ventilation conditions) and 
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indoor	VOC	concentrations	 in	residences	were	further	analyzed.	
Benzene,	 toluene,	 and	 xylenes	 in	 residences	 had	 adequate	 con-
centration data, that is, the total number of reported data points in 
included studies were >50, and the number of data points in each 
subgroup stratified according to those influencing factors was 
≥5.	The	mean	or	median	concentrations	reported	in	the	included	
studies	were	used	in	the	analyses.	Altogether,	there	were	417	data	
points	 for	benzene,	288	 for	 toluene,	and	314	 for	xylenes,	which	
reported the mean or median values. To be noted, as the decora-
tion time was a continuous variable, different studies may group 
the residences according to their decoration time in different 
ways. In this study, data were classified into residences decorated 
within	1 year	and	more	than	1 year	earlier,	based	upon	the	group-
ing way of most studies. If one study reported the indoor VOC 
concentrations	 in	 residences	 decorated	 within	 2 years,	 it	 would	
not be classified into any group and not included in this analy-
sis. Then, the data analysis was performed as below. Based on 
the	Kolmogorov–	Smirnov	 test,	 concentrations	belonged	 to	 long-	
tailed distributions instead of normal distributions. Therefore, the 
Kruskal–	Wallis	 test	 and	 the	 post-	hoc	 Dunn's	 test	 were	 used	 to	
compare the concentrations among different climate regions, and 
the	Wilcoxon	rank-	sum	test	was	used	to	explore	the	correlations	
between	VOC	concentrations	and	the	other	three	key	factors,	i.e.,	
season, decoration time, and ventilation conditions (all treated as 
binary variables).33 These analyses were performed using the soft-
ware	R	4.1.0.

2.3  |  Exposure assessment and risk 
characterization of VOCs

According	 to	 the	 International	 Agency	 for	 Research	 on	 Cancer	
(IARC),	all	target	VOCs	were	classified	as	human	carcinogens	or	as	
probable	or	possible	carcinogens,	except	for	toluene	and	xylenes17 
(see	details	in	Appendix	S1:	Table	S2).	For	exposure	assessment,	the	
exposure	 to	 VOC	 k in indoor environment j (residence, office, or 
school) for age group i can be estimated as,34

where Eij,k	is	the	average	exposure	level	of	VOC	k in indoor environ-
ment j for age group i (μg/m3), Cij,k is the concentration of VOC k in in-
door environment j for age group i (μg/m3); ETij	is	the	exposure	time	in	
indoor environment j	in	1 day	for	age	group	i (hour); EF	is	the	exposure	
frequency,	365 days/year;	EDi is the duration for age group i (year); ATi 
is the average time (days), treated as EDi × 365	here.	Detailed	descrip-
tions	of	the	algorithm	and	parameters	are	in	Appendix	S1: Section S3. 
Finally,	 the	average	exposure	 level	of	VOC	k for the lifetime should 
take	 different	 age	 groups	 and	 indoor	 environments	 into	 account,	
which is obtained as:

(1)Eij,k = Cij,k ×

ETij

24
×

EF × EDi

ATi

(2)Ek =
∑

i

(

fi

∑

j

Eij,k

)

F I G U R E  1 Flowchart	of	the	literature	
search
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where fi is the proportion of the duration for age group i in the total 
lifespan	(Life	expectancy	in	China	is	75 years	old35); j = residence, of-
fice	 for	 adults	 (≥18 years	old),	 and	 j = residence, school for children 
(<18 years	old).

For	risk	characterization,	the	two	indicators	required	for	dose–	
response	assessment,	the	inhalation	unit	risk	(IUR)	for	cancer	risks,	
and reference concentration (RfC)	 for	 noncancer	 risks,	 were	 ob-
tained	from	California	Environmental	Protection	Agency	(CalEPA).36 
Lifetime	cancer	risk	(LCR) is the increased probability of developing 
cancer	due	to	exposure	to	excess	concentrations	of	a	specific	chem-
ical pollutant, and for VOC k, it is calculated as37,38:

where Ek	is	the	average	exposure	level	of	VOC	k (μg/m3), and IURk is 
the	inhalation	unit	risk	of	VOC	k ((μg/m3)−1).	The	lifetime	cancer	risk	
can be neglected if it is less than 10−6.39 LCRk was estimated for all 
included	VOCs	in	this	review	except	toluene	and	xylenes.	Detailed	
descriptions	 are	 shown	 in	 Appendix	S1: Section S3. Furthermore, 
the	summed	lifetime	cancer	risk	caused	by	these	eight	VOCs	can	be	
estimated by:

where LCRk	is	the	lifetime	cancer	risk	for	the	pollutant	k. The noncan-
cer	risk	is	represented	by	the	hazard	quotient	(HQ), which is the ratio of 
exposure	level	and	reference	concentration:

where, RfCk is the reference concentration (μg/m3), and Ek	 are	 ex-
plained	 in	equations	above.	HQ was calculated for all eight included 
VOCs.	Detailed	descriptions	are	 shown	 in	Appendix	S1: Section S3. 
Moreover,	the	hazard	index	(HI)	of	combined	exposure	to	these	VOCs	
can be obtained by the sum of all HQs as below37:

where HQk	is	the	hazard	quotient	for	the	pollutant	k.

3  |  RESULTS AND DISCUSSION

3.1  |  Indoor concentrations of VOCs in China

Among	 the	 included	 studies,8,15,16,18,40–	236 most of the measure-
ments	 were	 carried	 out	 during	 2000–	2010.	 In	 total,	 167	 studies	
reported measurements of indoor VOC concentrations in nearly 
17 000	residences	in	30	provinces;	31	studies	focused	on	VOC	con-
centrations in over 2000 office buildings in 17 provinces; and 33 

studies reported VOC concentrations in nearly 120 schools in 15 
provinces, consistent with the residential environment being the in-
door environment where people spend most of their time. Detailed 
information	 extracted	 from	 each	 included	 study	 is	 summarized	 in	
Appendix	S2.

The national concentration distributions of eight target VOCs in 
residences, offices, and schools are shown in Table 1. The VOC con-
centrations in schools were usually lower than those in residences 
and	 offices,	 except	 for	p-	DCB	 and	 TCE.	 For	 benzene,	 the	median	
concentrations	 in	residences	and	offices	 (24.2	and	47.5	μg/m3, re-
spectively) were 1.03 times and 2.02 times that in schools (23.5 μg/
m3).	For	toluene,	the	average	levels	in	residences	(40.9	μg/m3) and 
offices (83.9 μg/m3)	were	1.19	times	and	2.45	times	that	in	schools	
(34.3	μg/m3).	For	benzene,	toluene,	and	xylenes	(BTX),	which	have	
been included in China's national standard, higher concentrations 
with wider ranges were observed for offices when compared with 
those	in	residences.	However,	for	another	five	VOCs	(not	included	
in national standard), concentrations in offices and residences were 
comparable.	This	suggests	that	VOC	exposure	in	office	buildings	re-
quires	more	attention.

National	indoor	concentrations	of	the	eight	target	VOCs	in	China	
obtained in this study were also compared with those reported for 
other countries (shown in Table 2).27,237–	240 Since the majority of 
previous field measurements were for residential environments, 
we focused only on VOC levels in residences. The concentrations 
of	BTX	 in	China	were	 at	 least	 five	 times	higher	 than	 those	 in	 the	
USA,	Canada,	Japan,	Europe,	and	Australia,	suggesting	severe	BTX	
indoor pollution in China. It should be noted that the majority of 
data in Logue et al.'s study238	was	from	the	USA,	but	it	also	included	
field measurements from other developed countries with similar life-
styles	 to	 the	USA,	 such	as	Australia,	Canada,	South	Korea,	 Japan,	
and	several	European	countries.	For	simplification,	we	denoted	the	
data	from	Logue	et	al.’s	study	as	data	from	the	USA	in	the	following.	
The	acetaldehyde	levels	in	China	were	lower	than	those	in	the	USA,	
but comparable with those in other countries. The indoor concentra-
tion of p-	DCB	in	China	was	lower	than	those	in	the	USA	and	Japan.	
Measurements	 of	 indoor	 butadiene	were	 relatively	 limited	 among	
those	countries.	The	studies	in	the	USA	reported	a	mean	concentra-
tion	of	0.46 μg/m3,	which	was	lower	than	that	in	China	(2.63 μg/m3). 
For	TCE	and	PCE,	the	levels	in	China	were	comparable	with	those	in	
other countries.

Many	 countries	 and	 regions	 have	 put	 forward	 standards	 or	
guidelines for indoor VOC concentrations.21,22,241–	249 Table 3 sum-
marizes	 the	 relevant	 standards	 or	 guidelines	 of	 indoor	 VOC	 con-
centrations in different countries. It should be noted that guidelines 
are usually obtained only from health- related perspectives, while 
standards need to consider real situations to guarantee their prac-
ticability.	 Japan,	 Canada,	 California	 in	 the	USA,	 the	UK,	Germany	
(G1),	France,	and	WHO	in	Table 3 published the guideline values for 
indoor VOC concentrations, below which no adverse health impacts 
will	occur	(i.e.,	the	safe	level).	Mainland	China,	Hong	Kong	in	China,	
and Germany (G2) provided the standard limits (instead of the safe 
levels),	above	which	actions	should	be	taken	to	reduce	exposures.

(3)LCRk = Ek × IURk

(4)LCR =

∑

k

LCRk

(5)HQk =
Ek

RfCk

(6)HI =
∑

k

HQk
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The	national	standard	for	indoor	air	quality	in	China	was	put	into	
effect in 2002 and is at present under revision based on updated 
information	 on	 indoor	 air	 pollution	 in	 China.	 For	 example,	 among	
the	 eight	 VOCs	 in	 the	 present	 study,	 only	 benzene,	 toluene,	 and	
xylenes	are	listed	the	current	national	standard	(with	thresholds	of	
110,	200,	and	200 μg/m3, respectively).21 In the present review, we 
found	that	 the	mean	and	median	concentrations	of	benzene,	 tolu-
ene,	and	xylenes	in	three	different	indoor	environments	met	the	re-
quirements	of	the	2002	national	standard.	Based	on	the	cumulative	
concentration	distributions,	for	12%,	12%,	and	14%	of	the	offices,	
the	concentrations	of	benzene,	toluene,	and	xylenes	exceeded	the	
standard limit. For residences, the corresponding proportions de-
creased	to	only	5%,	8%,	and	6%.	 In	spite	of	 this,	 indoor	BTX	con-
centrations in China were significantly higher than those in other 

countries, because the standard limit in China is higher than those 
in	 other	 countries	 and	 regions,	 especially	 for	 benzene.	OEHHA	 in	
California,	USA	suggested	a	limit	of	27 μg/m3	for	acute	benzene	ex-
posure and 3 μg/m3	for	chronic	benzene	exposure,242 and France set 
10~30 μg/m3	as	the	limit	for	benzene,	which	are	all	much	lower	than	
that	in	China	(110 μg/m3).249	WHO	claimed	in	its	guideline	that	ben-
zene	has	no	safe	level	and	should	be	reduced	as	much	as	possible.22 
Therefore,	the	limit	for	indoor	BTX	concentration	in	the	Chinese	na-
tional standard ought to be tightened in the updated version.

For the other five VOCs (acetaldehyde, butadiene, p-	DCB,	TCE,	
and	 PCE),	 there	 are	 no	 standards	 in	 China.	 For	 acetaldehyde,	 the	
limits	 range	 from	48 μg/m3	 (chronic)	 in	 Japan241,247	 to	3000 μg/m3 
(1- hour average) in France.249 The average level of acetaldehyde in 
China	was	16.9	and	7.62 μg/m3 in residences and schools, which was 

VOCs Statistics Residences Offices Schools

Benzene Mean 43.1 67.7 40.4

GM	(GSD) 22.0 (3.09) 35.3 (3.58) 24.0	(2.86)

Median 24.2 47.5 23.5

95% CI 2.44~163 1.35~234 2.25~204

Toluene Mean 96.5 152 46.0

GM	(GSD) 33.5	(4.49) 73.7	(3.14) 32.2	(2.44)

Median 40.9 83.9 34.3

95% CI 1.08~369 3.90~651 5.71~152

Xylene Mean 86.2 167 111

GM	(GSD) 33.4	(4.55) 71.8	(3.40) 22.8	(4.08)

Median 49.9 86.6 20.3

95% CI 1.18~340 2.81~668 2.12~1430

Acetaldehyde Mean 16.9 –	a 7.62

GM	(GSD) 12.6 (2.00) –	a 7.51 (1.19)

Median 12.9 –	a 7.63

95% CI 2.25~91.5 –	a 5.67~10.8

p- DCB Mean 11.4 7.64 12.8

GM	(GSD) 0.154	(67.4) 1.24	(6.64) 3.24	(3.47)

Median 0.632 1.19 2.35

95% CI ND~65.6b 0.0345~54.6 0.676~107

Butadiene Mean 2.63 0.239 –	a

GM	(GSD) 1.94	(2.54) 0.219 (1.52) –	a

Median 2.75 0.219 –	a

95% CI 0.225~6.08 0.100~0.486 –	a

TCE Mean 0.415 3.71 35.8

GM	(GSD) 0.0614	(7.69) 1.10 (5.22) 8.18 (6.06)

Median 0.0442 1.13 8.92

95% CI ND~2.53b 0.0367~27.3 0.190~277

PCE Mean 0.512 1.14 0.0240

GM	(GSD) 0.0316 (73.8) 0.382	(4.88) NDb

Median 0.206 0.425 NDb

95% CI ND~2.81b 0.0200~7.63 ND~0.13b

aNo	available	data.
bND	means	that	the	estimated	concentration	is	lower	than	0.01 μg/m3.

TA B L E  1 National	concentration	
distributions of eight target volatile 
organic compounds (VOCs) in three 
different	kinds	of	indoor	environments	
(μg/m3)
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significantly lower than those limits. For p- DCB, the average levels 
in	China,	11.4	μg/m3	 in	residences	and	7.64 μg/m3 in offices, were 
also	lower	than	the	limits	proposed	by	Japan,	Canada,	and	California	
in	 the	 USA,	 which	 range	 from	 60244	 to	 800 μg/m3.242 Butadiene 
levels	 in	Chinese	 residences	 (2.63 μg/m3) were a little higher than 
the	chronic	exposure	limits	proposed	by	California	in	the	USA	and	
Canada,242,244	 while	 TCE	 and	 PCE	 levels	 were	 extremely	 low	 in	
most	indoor	environments	in	China.	However,	WHO	has	stated	that	
there	 is	no	 safe	 level	 for	TCE.22 Therefore, the concentration lev-
els of these five indoor VOCs in China might be less important than 
the	pollution	of	indoor	BTX.	Butadiene	and	TCE,	on	the	other	hand,	
should be included in China's national standard.

3.2  |  Spatiotemporal distribution of indoor VOCs

It should be noted that indoor concentrations of target VOCs vary 
with both time and geographical regions. Concentration data for five 
VOCs	(benzene,	toluene,	xylenes,	acetaldehyde,	and	p- DCB) in resi-
dences were further stratified according to testing years. It can be 
seen in Figure 2 that the concentrations of those five VOCs were 
generally decreasing from 2000 to 2021. Detailed statistics of dif-
ferent	testing	years	for	these	VOCs	are	listed	in	Appendix	S1: Table 
S4.	The	trend	for	benzene	(mean	values	of	114 μg/m3 in 2000~2005, 
78.4	μg/m3 in 2006~2010, 30.7 μg/m3 in 2011~2015, and 21.8 μg/
m3 in 2016~2021) is statistically significant (p < 0.001),	 indicating	
that	 indoor	 benzene	 exposure	 has	 decreased	 dramatically	 during	
these	years.	The	same	trend	 is	also	seen	for	toluene,	xylenes,	and	
p- DCB (p < 0.001).	The	downward	trend	of	indoor	VOC	concentra-
tions in residences might be related to the launch in 2002 of national 
standards	for	 indoor	air	quality	 in	China.21 In addition, several rel-
evant standards for emissions from wood panels, furniture, paints, 
and coatings have been established.250–	253Moreover,	 people	 have	
paid more attention to the selection and application of building ma-
terials and furniture for building renovation.

Figure 3 shows the geographical distribution of median con-
centrations for the eight targeted VOCs in residences, offices, and 
schools in China between 2000 and 2021. Detailed statistics of the 
concentration distribution for targeted VOCs in different provinces 
in	China	are	shown	in	Appendix	S3. The distribution of provinces in 
China's	climate	regions	is	plotted	in	Appendix	S1:	Figure	S1.	For	BTX	
in residences, the highest concentrations were observed for north- 
eastern and northern China, while the concentrations were lower for 
western	and	southern	China.	At	the	province	level,	the	highest	me-
dian	benzene	concentration	was	in	Qinghai	province,	211 μg/m3, and 
Heilongjiang	province,	150 μg/m3. The highest toluene levels were 
observed	 for	Hebei	 (231 μg/m3)	 and	Ningxia	province	 (154 μg/m3). 
The	highest	xylene	levels	were	reported	in	Fujian	province	(222 μg/
m3). For residences in the four metropolitan regions in China (shown 
in	Appendix	S1:	Figure	S1),	 the	BTX	concentrations	 in	 the	Beijing-	
Tianjin-	Hebei	Region	were	the	most	severe,	followed	by	the	Yangtze	
River	Delta	(Shanghai,	Jiangsu,	and	Zhejiang	province).	The	BTX	lev-
els in the Pearl River Delta Region (mainly in Guangdong Province) TA
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and	Sichuan-	Chongqing	Region	were	relatively	lower.	However,	no	
obvious patterns were found for other VOCs in residences.

For	offices	and	schools,	only	BTX	are	shown	in	Figure 3 due to 
insufficient	 data	 for	 other	 VOCs.	 In	 offices,	 BTX	 concentrations	
in	Shanxi	province	were	at	higher	 levels	 (88.3	μg/m3	 for	benzene,	
160 μg/m3	for	toluene,	238 μg/m3	for	xylenes),	which	are	close	to	or	
exceed	the	limits	in	China's	national	standard.	The	benzene	concen-
trations	 in	Henan	and	Anhui	province,	 the	 toluene	concentrations	
in	Guangdong	province,	 and	 the	 xylene	 concentrations	 in	 Shaanxi	
province were relatively higher than in other regions. In schools, al-
though	BTX	concentrations	were	lower	than	the	limits	in	the	major-
ity	of	provinces,	the	concentrations	 in	Jilin	province	were	at	much	
higher levels compared with other provinces.

3.3  |  Influencing factors for indoor VOC 
concentrations

The influencing factors include decoration timing, ventilation condi-
tion,	season,	and	climate	region.	With	respect	to	decoration	timing,	
Figure 4	shows	that	room	decoration	within	1 year	before	measure-
ments has a significant effect (p < 0.001	for	BTX).	For	 these	 three	
VOCs,	the	25%	quantile	concentration	in	those	decorated	within	the	
previous	year	even	exceeded	the	75%	quantile	concentration	com-
pared with rooms decorated more than a year ago. These findings 
indicate that recent decoration can cause severe VOC indoor pollu-
tion, since higher emission rates are observed for new building mate-
rials	and	furniture.	Therefore,	it	could	be	helpful	to	reduce	exposure	
to	indoor	VOCs	for	people	to	wait	for	a	period	of	time	(e.g.	1 year)	
before moving into newly decorated buildings.

Ventilation	 conditions	were	 divided	 into	 two	 subgroups,	 “ven-
tilated”	and	“doors	and	windows	closed.”	The	“doors	and	windows	
closed” condition predominated in the reviewed studies since 
China's national standard demands that doors and windows should 
be	closed	for	12–	24 h	before	air	sampling.	Figure 5 shows that the 
indoor concentrations for ventilated buildings were lower (p < 0.001	
for	BTX)	than	those	for	the	“doors	and	windows	closed”	buildings.	
Ventilation is clearly useful for removing gas- phase VOCs from an 
indoor environment.

Due to limited data, seasons were divided into hot seasons 
(summer and autumn) and cold seasons (winter and spring). Figure 6 
shows that no significant difference was observed between the two 
groups,	although	the	median	concentrations	of	BTX	in	hot	seasons	
were somewhat lower than those in cold seasons, which might possi-
bly be a result of poorer ventilation under cold conditions.

Climate regions were divided into five groups, i.e., cold (C), hot- 
summer	and	cold	winter	(HC),	hot-	summer	and	warm-	winter	(HW),	
severe	cold	(SC),	and	mild	(M)	regions	(see	Appendix	S1: Figure S1). 
Figure 7 shows that no significant differences among different cli-
mate	regions	were	observed	for	BTX,	suggesting	that	climate	region	
was	not	a	sensitive	influencing	factor	for	the	indoor	BTX	concentra-
tions. Detailed information about these influencing factors is pro-
vided	in	Appendix	S1:	Tables	S5–	S8.

3.4  |  Estimates of exposure levels and health risks

The	median	of	 the	average	exposure	 level	via	 inhalation	for	VOCs	
ranged	 from	0.25 μg/m3	 for	 tetrachloroethylene	 to	49.6	μg/m3 for 
xylenes.	Based	on	the	average	exposure	level,	the	median	of	summed	
lifetime	cancer	risk	for	these	eight	VOCs	reached	7.27 × 10−4, which 
was	much	higher	 than	 the	 threshold	 (1 × 10−6). The median of the 
hazard	index	for	these	eight	VOCs	was	9.56,	which	is	much	greater	
than 1. Figure 8A,B	present	the	estimated	lifetime	cancer	risks	and	
hazard	quotients	due	to	long-	term	exposure	to	each	target	VOC	re-
spectively.	 (Detailed	data	are	 listed	 in	Appendix	S1: Table S9). The 
median	 cancer	 risks	 of	 benzene,	 butadiene,	p- DCB, and acetalde-
hyde	were	all	higher	than	1 × 10−6, indicating that actions should be 
taken	to	reduce	exposures	to	those	VOCs.	Among	these	four	VOCs,	
benzene	ranked	first	and	contributed	nearly	62%	of	the	summed	life-
time	cancer	risk,	followed	by	butadiene	at	23%.	The	upper	limits	for	
benzene	 and	 butadiene	 (classified	 as	 human	 carcinogens)	 reached	
2.66 × 10−3	and	5.53 × 10−4.	For	TCE	and	PCE,	 the	cancer	risks	are	
negligible.	For	noncancer	health	 risks,	benzene	contributed	nearly	
87%	of	the	total	hazard	index,	ranking	the	first	among	all	targeted	
VOCs.	The	median	of	the	hazard	quotient	for	benzene	approached	
12.5	(95%	CI:	7.4~27.3).	The	hazard	quotients	medians	for	the	other	
seven	VOCs	were	all	smaller	than	1.	Since	benzene	exposure	caused	

F I G U R E  2 Concentration	distributions	
of five volatile organic compounds (VOCs; 
benzene,	toluene,	xylenes,	acetaldehyde,	
and p- DCB) in residences in different 
years
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F I G U R E  3 Geographical	distribution	of	eight	target	volatile	organic	compounds	(VOCs)	in	different	indoor	environments	in	China	(There	
were	no	literature	data	for	the	white	regions).	(A)	Residences;	(B)	Offices;	(C)	Schools
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both	the	highest	cancer	and	noncancer	risk,	 reducing	benzene	ex-
posure	levels	should	be	the	highest	priority.	Exposure	to	butadiene,	
p- DCB, and acetaldehyde should also be reduced because of their 
considerable	cancer	risks.

3.5  |  Limitations and suggested future research

First, we assumed lognormal distribution describes the distribution 
of indoor VOC concentrations. This assumption is commonly used 
in the field of indoor air, and it influences the statistical inference 

of national and provincial concentration distributions. If the prob-
ability distribution of concentrations was available in more field 
studies, the accuracy of the estimation in this study would be im-
proved.	A	second	limitation	in	this	systematic	review	is	that	there	
were significantly more measurement data for residences than for 
other indoor environments. Only a few studies have measured 
VOC	concentrations	in	schools,	especially	in	kindergartens,	lead-
ing	to	difficulties	 in	accurately	estimating	the	exposure	to	VOCs	
during childhood. Furthermore, recent studies have revealed that 
exposure	to	chemical	pollutants	in	indoor	microenvironments	(e.g.,	
vehicular microenvironment, sleeping microenvironment) cannot 

F I G U R E  4 Indoor	volatile	organic	
compound (VOC) concentrations in 
rooms with different decoration timing. 
(*p < 0.05,	**p < 0.01,	***p < 0.001)

F I G U R E  5 Indoor	volatile	organic	
compound (VOC) concentrations in rooms 
with different ventilation conditions. 
(*p < 0.05,	**p < 0.01,	***p < 0.001)

F I G U R E  6 Indoor	volatile	organic	
compound (VOC) concentrations in 
different seasons. (*p < 0.05,	**p < 0.01,	
***p < 0.001)
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be neglected.254–	256 Studies of those microenvironments are re-
quired.	A	 third	 limitation	 is	 that	 existing	measurements	 focused	
mainly	 on	 benzene,	 toluene,	 xylenes,	 and	 TVOCs,	which	 are	 in-
cluded	in	the	current	national	standard.	Not	knowing	other	poten-
tially	 important	VOCs	may	result	 in	underestimating	health	risks	
of	exposure	to	indoor	VOCs.	Future	studies	should	perform	wide-	
range screening of indoor VOCs. Fourth, compared with eastern 
developed provinces, indoor VOCs in other provinces in China 
have	not	been	extensively	explored,	making	it	difficult	to	summa-
rize	 indoor	 VOC	 exposure	 across	 the	whole	 country.	 Studies	 of	

indoor VOC levels in western provinces and non- capital cities or 
counties	are	required	in	the	future.	Additionally,	this	study	consid-
ered the effect of each influencing factor, testing year, and spa-
tial difference on indoor VOC concentration separately. In reality, 
these factors may have coupled effects on indoor VOC concen-
trations.	Nevertheless,	 due	 to	 unbalanced	 and	 insufficient	 data,	
the field measurement data of indoor VOCs would be very sparse 
if they were simultaneously classified by all these factors, which 
would bring difficulties in conducting the comparison and analysis. 
In the future, based on comprehensive measurements of indoor 

F I G U R E  7 Indoor	volatile	organic	
compound (VOC) concentrations in 
different climate regions. (*p < 0.05,	
**p < 0.01,	***p < 0.001)

F I G U R E  8 Risk	assessment	of	chronic	
exposure	to	volatile	organic	compounds	
(VOCs).	(A)	lifetime	cancer	risk;	(B)	
hazard	quotient	for	noncancer	risk.	
The	box	illustrates	the	25%	quantile	
(Q1),	median,	and	75%	quantile	(Q3),	
while	bars	represented	Q1−1.5*IQR	
and	Q3 + 1.5*IQR,	respectively.	The	
interquartile	range	IQR	=	Q3–	Q1
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VOCs,	regression	models	can	be	established	to	take	the	co-	effect	
of all these factors into consideration.

Even	with	these	limitations,	this	systematic	review	provides	valu-
able	data	 for	 indoor	exposure	 to	eight	 typical	VOCs	 in	 three	 indoor	
environments across China in the last two decades, which will pro-
vide	scientific	support	for	estimating	 indoor	exposure	to	VOCs	on	a	
national scale. In addition to large- scale field investigations, future 
research could also focus on obtaining concentration data with lower 
costs using indoor sensors or personal wearable devices. From a 
human health perspective, it is worthwhile to study how to effectively 
reduce	exposure	to	high-	risk	VOCs	through	regulatory	actions,	emis-
sion control, ventilation design, and air purification.

4  |  CONCLUSIONS

This	 systematic	 review	 summarizes	 literature	 reported	 concentra-
tions of eight target VOCs in residences, offices, and schools in 
China from 2000 to 2021. The main conclusions are as follows:

1.	 Indoor	pollution	of	BTX	 in	China	was	 significantly	more	 severe	
than	 in	 other	 developed	 countries,	 even	 though	 indoor	 BTX	
levels meet the current national standard. Concentrations of 
the other five VOCs (acetaldehyde, p-	DCB,	 butadiene,	 TCE,	
and	PCE)	 in	typical	 indoor	environments	were	comparable	with	
those in other countries and generally lower than the available 
reference limits in other countries.

2. Indoor VOC concentrations in China decreased from 2000 to 
2021.

3. Indoor VOC concentrations in northern China were higher than in 
southern China.

4.	 Indoor	VOC	concentrations	were	significantly	higher	for	buildings	
decorated within the previous year, and/or with poor ventilation 
conditions.

5.	 The	health	risks	of	benzene	ranked	first	and	far	exceeded	both	
the	 cancer	 and	 noncancer	 risk	 thresholds,	 suggesting	 that	 the	
corresponding reference limit in national standards should be 
tightened,	 and	 efforts	 should	 be	 directed	 to	 reducing	 benzene	
exposure.

6.	 Efforts	should	also	be	directed	to	reducing	exposure	to	butadiene,	
p-	DCB,	and	acetaldehyde	because	of	their	considerable	cancer	risks.

The information on indoor VOC concentrations and associated 
health	 risks	 can	 help	 to	 develop	 regulatory	 standards	 for	 indoor	
air	quality	in	China	and	to	estimate	attributable	disease	burden	for	
Chinese populations in the future. Studies with large- scale measure-
ments in different indoor environments, especially of multiple VOCs 
detected	with	widely	applicable	techniques	(e.g.	wearable	devices),	
and	exposure	control	strategies	need	to	be	developed.
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