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One-third of global population at cancer
risk due to elevated volatile organic

compounds levels

M| Check for updates

Ying Xiong ® 204, Ke Du®? & Yaoxian Huang'

Outdoor air pollution, particularly volatile organic compounds (VOCs), significantly contributes to the
global health burden. Previous analyses of VOC exposure have typically focused on regional and
national scales, thereby limiting global health burden assessments. In this study, we utilized a global
chemistry-climate model to simulate VOC distributions and estimate related cancer risks from 2000 to
2019. Our findings indicated a 10.2% rise in global VOC emissions during this period, with substantial
increases in Sub-Saharan Africa, the Rest of Asia, and China, but decreases in the U.S. and Europe due
to reductions in the transportation and residential sectors. Carcinogenic VOCs such as benzene,
formaldehyde, and acetaldehyde contributed to a lifetime cancer burden affecting 0.60 [95%
confidence interval (95CI): 0.40-0.81]t0 0.85[95CI: 0.56—1.14] million individuals globally. We projected
that between 36.4% and 39.7% of the global population was exposed to harmful VOC levels, with the
highest exposure rates found in China (82.8-84.3%) and considerably lower exposure in Europe
(1.7-5.8%). Open agricultural burning in less-developed regions amplified VOC-induced cancer
burdens. Significant disparities in cancer burdens between high-income and low-to-middle-income
countries were identified throughout the study period, primarily due to unequal population growth and
VOC emissions. These findings underscore health disparities among different income nations and
emphasize the persistent need to address the environmental injustice related to air pollution exposure.

Outdoor air pollution poses the greatest environmental health threat,
resulting in 4-8 million premature deaths each year'”” due to exposure to
fine particulate matter with aerodynamic diameters <2.5 micrometers
(PM,5) and ozone (Os). Volatile organic compounds (VOCs), which are
key precursors of PM,5 and O; pollution, can have significant adverse
effects on human health. Acute exposure to VOCs has been linked to an
increased risk (0.86-1.25%) of hospitalization for respiratory diseases, such
as asthma and chronic obstructive pulmonary disease™. Long-term expo-
sure to VOCs has been associated with cardiovascular diseases'’"?, neuro-
logical disorders", and preterm births'. Certain VOCs, including benzene
and formaldehyde, can pose a lifetime cancer risk via different exposure
routes (i.e,, inhalation, oral, and dermal) and have been classified as known
and probable human carcinogens by the United States Environmental
Protection Agency (U.S. EPA)", respectively. Based on compelling human
and animal evidence, the U.S. EPA estimated that continuous exposure to
1 pgm ™ of benzene and formaldehyde in the air over a lifetime would

respectively cause 2.2-7.8 leukemia and 13 lung and nasopharyngeal can-
cers in a million people'®, with formaldehyde being the highest cancer risk
driver among 187 hazardous air pollutants in the US™.

Numerous studies have focused on measuring ambient concentrations
of VOCs and identifying associated health effects at the local, regional, and
national scales'*. For instance, Xiong et al.”” assessed major VOC sources
and corresponding health risks in eight Canadian cities from 2013 to 2018
based on ground observations from the National Air Pollution Surveillance
network. They found that the inhalation cancer risk of VOCs in western
Canada (7.7 x 107) largely exceeded Health Canada’s acceptable risk level,
with traffic sites posing the greatest threat to human health, followed by
industrial zones, urban centers, and background sites. Strum et al.'® calcu-
lated the cancer risks of 41 hazardous air pollutants collected from over
200 sites across the US and revealed that formaldehyde and benzene
comprised most of the cancer risk. They suggested that these estimates were
representative of monitoring locations and may not represent population-
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wide risks. Thus, satellite sensor technologies such as the Ozone Monitoring
Instrument (OMI) were necessary for future air toxics measurement and
assessment. To overcome the limited coverage of fixed monitoring networks
and interferences during VOC sampling, Zhu et al.” utilized the OMI
satellite instrument to map surface formaldehyde concentrations and
inferred corresponding cancer risks in the US. They estimated that up to
6600 people in the US would develop cancer due to lifelong exposure to
outdoor formaldehyde, despite the OMI-derived formaldehyde con-
centrations being, on average, 47% lower than those measured at the U.S.
EPA ground sites.

To date, there are very few studies evaluating the health risks of VOCs
from a global perspective, given temporally and spatially sparse ground
monitoring sites (particularly in less developed regions), high cost and
complexity of VOC sampling and analysis. One recent study by Partha
et al.” employed a 3-dimensional chemical transport model to simulate
global BTEX (ie., benzene, toluene, ethylbenzene, and xylenes) con-
centrations and estimated country-level BTEX-induced preterm births in
2015. Considering the significant (=5%) changes in global anthropogenic
emissions of non-methane VOC (NMVOC) over the past two decades’, our
study aimed to address the key knowledge gap by reporting the spatial and
temporal variabilities of global surface NMVOC concentrations from 2000
to 2019 through a consistent modeling framework. Additionally, we spe-
cifically selected ten NMVOC species (i.e., formaldehyde, acetaldehyde,
benzene, toluene, xylenes, propylene, methanol, methyl ethyl ketone, acet-
onitrile, and hydrogen cyanide), hereinafter referred to as hazardous VOC
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Fig. 1 | Interannual variation of the annual total non-methane VOC (NMVOC)
emissions during 2000-2019. a, c NMVOC emissions from 11 regions and b and d
are emissions from 8 sectors. The numbers in panels (a, b) represent the relative rate
of change in NMVOC emissions during 2000-2019. Percentage values within panels
(¢, d) indicate the proportions of regional and sectoral emissions in the global annual
total emissions for 2000-2019, respectively. The abbreviations used in panels (a, c)
are as follows: ECEurope (Eastern and Central Europe), LATIN (Latin America),

NAME (Northern Africa and the Middle East), ROA (Rest of Asia), ROW (Rest of
the World), SSA (Sub-Saharan Africa), and WEurope (Western Europe). In panels

(HVOC), from model outputs for health risk assessment based on their
toxicity and carcinogenicity (Supplementary Table 1). We estimated life-
time cancer risks associated with inhalation exposure to outdoor carcino-
genic VOCs (ie., benzene, formaldehyde, and acetaldehyde) at regional,
national, and global scales, highlighting health exposure disparities across
different income nations. Our results are particularly important and sig-
nificant for less developed regions with limited VOC monitoring networks
and a general lack of awareness regarding air pollution, as they provide
valuable insights on how to mitigate outdoor VOC pollution and attain
health and economic benefits.

Results

Air quality impacts of global NMVOC emissions

The interannual variations of NMVOC emissions from 11 regions and
8 sectors (see Methods) are shown in Fig. 1. Globally, NMVOC emissions
have risen from 133.6 Teragrams (Tg) in 2000 to 147.2 Tg in 2019 (Fig. 1d),
indicating a relative increase of 10.2% compared to the year 2000. Sub-
Saharan Africa (SSA), the Rest of Asia (ROA), and China were predominant
emission areas, together contributing to 39.0-50.0% of global annual
NMVOC emissions. Compared to significant increases in NMVOC emis-
sions in these regions (by 75.9%, 44.0%, and 21.5%, respectively), the US and
Western Europe (WEurope) decreased their NMVOC emissions by 36.4%
and 44.8% in 2019 relative to 2000. As a result, the proportions of the US and
WEurope in global NMVOC emissions have dropped remarkably, from
12.2% and 7.1% in 2000 to 7.1% and 3.5% in 2019, respectively.
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(b, d), the abbreviations represent the sectors as ARG (agriculture), ENE (energy
production), IND (industry), TRA (transportation), RCO (residential, commercial,
and other), SLV (solvent), WST (waste), and SHP (international shipping). The
global annual total emission of 11 regions in panel (c) is slightly lower than the global
total emission of 8 sectors in panel (d), which can be attributed to the contributions
of international shipping sector and potential boundary misrepresentation in the
country mask file. More details on CEDS sectors can be found in Supplementary
Table 2.
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Fig. 2 | Global distribution of population-weighted NMVOC concentration in 2019. The enlarged subplots are a the US; b Western Europe; ¢ Eastern China; d India; and

e Southeastern Asia.

From a sectoral perspective, we found that energy (ENE), solvent usage
(SLV), transportation (TRA), residential, commercial, and other (RCO)
were the largest four sectors, cumulatively accounting for 82.9%-86.6% of
global annual NMVOC emissions during 2000-2019. A clear downward
trend has been observed for the transportation (—24.7%) and RCO (—6.8%)
sectors, which contrasted with the upward trend of energy (4+33.4%) and
solvent (4-32.2%) sectors (Fig. 1b). The contributions of transportation and
RCO sectors to the global annual NMVOC emissions have been overtaken
by energy and solvent sectors since 2014 (Fig. 1d). To figure out potential
driving factors of emission changes in 11 regions, we additionally analyzed
sectoral emissions in each region. As seen in Supplementary Fig. 2, the
upward NMVOC emissions in China were dominated by the increases in
solvent (4173.3%), industry, and energy emissions, despite remarkable
decreases in RCO (—55.0%) and transportation (—48.6%) emissions. The
increases in NMVOC emissions in ROA and SSA were driven by the
transportation (+66.7%) and energy (4142.6%) sectors, respectively. In
contrast, the downward transportation and solvent emissions in the US
(—70.8% and —37.5%) and WEurope (—82.7% and —33.5%) were
responsible for their decreases in NMVOC emissions during 2000-2019. As
for the individual NMVOGC, their emission patterns were generally con-
sistent with that of NMVOC. Approximately a third of NMVOC emissions
in WEurope, Canada, India, China, Eastern and Central Europe (ECEu-
rope), and the US were harmful to humans, as inferred by the annual
emission ratio of hazardous VOC to NMVOC. Taken together, our findings
suggest that despite an upward trend of global NMVOC emissions during
2000-2019, the patterns of emissions varied substantially across 11 regions
due to significant differences in economic development and the imple-
mentation of regulatory measures. Such differences will likely lead to distinct
spatiotemporal distributions of NMVOC concentrations, thus resulting in
unequal exposure to hazardous VOC across different income nations.

Figure 2 shows the global distribution of population-weighted
NMVOC concentration in 2019. Globally, the annual average concentra-
tions of NMVOC and hazardous VOC respectively increased from 19.3 and
7.8 ugm™ in 2000 to peak levels of 21.2 and 8.8 ugm™ in 2015, before
declining slightly to 21.0 and 8.8 pg m ™ in 2019 (Supplementary Fig. 3). The

interannual trends in surface NMVOC concentrations were consistent with
that of emissions (Fig. 1c). Among the 11 regions, China consistently
exhibited the highest NMVOC concentrations, with levels ranging from
35.0 to 41.5 ugm™>; this was followed by India (31.8-38.1 pgm ™), Latin
America (LATIN, 26.6-33.8ugm™), and ROA (19.5-28.8 ygm ™). In
contrast, the Rest of World (ROW), Canada, Northern Africa and the
Middle East (NAME), and ECEurope had the lowest NMVOC con-
centrations, with annual levels unexceptionally lower than 15.0 ug m ™ (Fig.
2). We also found that ROA presented the highest percentage increase in
NMVOC concentrations (+32.1%) between 2000 and 2019 (Fig. 3a), while
WEurope (—43.3%) and the US (—15.6%) showed the largest percentage
decreases. Notably, India, China, and LATIN had comparable and the
highest hazardous VOC concentrations across all 11 regions throughout the
study period (Supplementary Fig. 3).

As for the individual VOC, methanol (CH5;0H) was the most
abundant species, accounting for nearly 30% of the total hazardous VOC
concentrations, and showed an increasing trend for most regions/coun-
tries (Fig. 3f). This trend is consistent with the global increase in industrial
and solvent emissions, which are the primary sources of ambient
methanol. Formaldehyde (CH,O0), acetaldehyde (CH;CHO), and methyl
ethyl ketone (MEK) also had relatively high concentrations and con-
tributed 34.4-36.0% to the total HVOC. The two carcinogens, CH,O and
CH;CHO, showed a steady increase in concentrations over ROA, China,
India, and Canada, while WEurope and the US displayed an opposite
trend from 2000 to 2019 (Fig. 3d, e). Surprisingly, Canada observed a
239% and 23.3% increase in formaldehyde and acetaldehyde con-
centrations, possibly due to secondary atmospheric formations from
precursor compounds emitted from the oil and gas operations (e.g.,
hydraulic fracking, flaring, compression, etc.)”” over Alberta’s oil sands.
This area witnessed 103.9% increase in oil production in 2019 (annual
total: 204.5 million m?) relative to 2007 (the earliest available data, 100.3
million m*)*. A similar upward trend has been found in other major oil
producers worldwide, including Saudi Arabia, Iraq, Iran, Brazil, Nigeria,
Venezuela, etc. This suggests that the global increase in oil demand has
worsened regional air pollution, which could potentially pose a serious
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Fig. 3 | Percentage change in surface concentrations of NMVOC during
2000-2019. a NMVOC, b hazardous VOC (HVOC), ¢ benzene, d formaldehyde
(CH,0), e acetaldehyde (CH;CHO), and f methanol (CH;OH). The average
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percentage changes in the US, Western Europe, China, and India are shown aside,
with red and blue colors indicating increase and decrease trends, respectively. The
percentage change for the remaining six HVOCs is shown in Supplementary Fig. 4.

threat to human health. Conversely, BTEX was a minor group, with its
proportion in the total HVOC declining from 19.5% in 2000 to 17.6% in
2019. Although globally, benzene, toluene, and xylenes showed slight
fluctuations (+1.3%, +3.2%, and —0.3%, respectively) over 2000-2019,
these fluctuations were not consistent across all regions. Some regions,
such as WEurope, the US, and China, have seen significant decreases (by
34.1%, 24.1%, and 5.0%, respectively) in benzene levels (Fig. 3c), while
others, such as ROA and SSA, experienced substantial increases (78% and
50%, respectively). The major sources of BTEX, such as solvent use,
residential, and transportation sectors, have respectively reduced
NMVOC emissions by 37.5%, 61.7%, and 70.8% over the US and 33.5%,
38.9%, and 82.7% in WEurope between 2000 and 2019 (Supplementary
Fig. 2). However, these sectors have experienced a 19.1-77.3% increase in
NMVOC emissions in ROA and SSA, which explains the inconsistent
trend of BTEX concentrations across these regions. In summary, despite
the global rise in NMVOC emissions and concentrations from 2000 to
2019, significant variations were still present among the 11 regions. The
US and WEurope demonstrated a consistent decrease in NMVOC and
hazardous VOC concentrations, opposite to the trend observed in less
developed regions such as ROA and SSA.

Health risk of hazardous VOC

The assessment of lifetime inhalation cancer risk (LICR) associated with
exposure to benzene, formaldehyde, and acetaldehyde was conducted sepa-
rately for each age group and then summed up to determine the integrated
LICR for 2000-2019. Globally, the integrated LICR showed an increase from
4.2 %107 in 2000 to a peak level of 4.4 x 10” in 2015 and 2019 (Fig. 4 and
Supplementary Fig. 6). This trend was consistent across all age groups for the
three carcinogens. Benzene presented the highest excess lifetime cancer risk,
with a global averaged LICR of 2.6 x 10 during 2000-2019 (Supplementary
Fig. 6). This suggests that, on average, a person exposed to typical benzene
levels throughout their lifetime is estimated to have a 26 in a million chance of
developing cancer, such as leukemia. Formaldehyde also poses relatively high
cancer risks to humans, with an average of 13-14 persons out of a million
exposed people developing cancers in their lifetime. Conversely, acetaldehyde
showed comparatively low cancer risk, as the global averaged LICRs between
3.1 x 107 and 3.5 x 10°%, representing only 7.5-8.1% of the integrated LICR
during 2000-2019 (Supplementary Fig. 6).

Furthermore, we calculated the excess LICR for specific age groups
(Supplementary Fig. 7) by considering age differences in sensitivity to car-
cinogens, intake rate (body weight normalized inhalation rate), and daily
activities (fraction of time spent at residential area). The results showed that
the 0-2 years old group generally had the highest excess lifetime cancer risks,
followed by the 2-9, 9-16, 30-70, 16-30, and third trimester age groups.

This observation is not surprising because a health-protective estimate of
cancer risk was employed to account for greater susceptibility in early life,
including a 10-fold higher age sensitivity factor and a 3.5-fold higher intake
rate (per kg body weight) for 0-2 years old group than those for adults (age
30-70 group, Supplementary Table 7). Consequently, our estimated lifetime
inhalation cancer risks, designed for the maximum exposed individual risk
to prevent any potential underestimation of impacts on public health, are
generally higher than those reported in earlier studies**’~*. The majority of
risks in these earlier studies were not age groups-specific (details can be
found in Supplementary Table 9).

The U.S. EPA recommends a range of one-in-a-million (or 1.0 x 107)
to one hundred-in-a-million (1.0 x 10™) as the “acceptable” lifetime cancer
risk, depending on the situation and exposure circumstance”. Health
Canada employs 1.0 x 10 as its primary risk benchmark for “acceptable”
exposure, given the high incidence of cancer in Canada®. Our estimates of
global averaged LICR for benzene, formaldehyde, acetaldehyde, and their
summation (Supplementary Fig. 6) were generally higher than the lower-
bound of the U.S. EPA acceptable level but lower than the upper-bound.
However, between 2000 and 2019, a considerable proportion of people
worldwide, ranging from 36.4% to 39.7% of the population (Table 1), were
exposed to carcinogenic VOC that posed an unacceptably high cancer risk
(LICR > 1.0 x 107™). Approximately 26.3-29.3% of the global population
lived in environments that presented an unacceptably high risk of cancer
due to exposure to benzene during 2000-2019.

From a regional perspective, there was significant spatial variability in
carcinogenic VOCs-induced LICR across 11 regions. Figure 4 shows the
global distribution of the integrated LICR associated with exposure to
benzene, formaldehyde, and acetaldehyde in 2019. India, China, and ROA
were the top three regions with the highest excess lifetime cancer risks (Fig.
4). The integrated LICR in India (1.0 x 10*~1.1 x 10™*) constantly exceeded
the upper-bound of the acceptable risk level set by the U.S. EPA from 2000 to
2019, resulting in a significant proportion of the Indian population
(49.4-55.8%, Table 1) being at high risk of contracting cancers during their
lifetime. Although the integrated LICR in China (7.9 x 10°-8.7 x 10°°) was
slightly below the threshold risk level, a concerning number of Chinese,
ranging from 80.3% to 84.3% of China’s population, were still exposed to
unacceptable lifetime cancer risks from exposure to carcinogenic VOCs
between 2000 and 2019. Moreover, a significant increase in the exposure
populations was also found in the ROA (32.9-47.3%) and SSA (18.6-30.5%)
during the 20-year period.

In comparison, the integrated lifetime cancer risks in the US, Canada,
and WEurope were respectively 50.1-59.8%, 67.4-70.2%, and 58.5-72.1%
lower than that in India (Fig. 4). The proportions of the exposed population
were significantly lower in European countries compared to the U.S and
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Fig. 4| Global distribution of the integrated lifetime inhalation cancer risk (LICR) associated with exposure to benzene, formaldehyde, and acetaldehyde in 2019. The
enlarged subplots are (a) the US; b Western Europe; ¢ Eastern China; d India; and e Southeastern Asia.

Table 1 | Percentage of regional and global populations exposed to unacceptable levels of lifetime inhalation cancer risk
(LICR > 1.0 x 10~ due to carcinogenic VOCs (comprising benzene, formaldehyde, and acetaldehyde) and benzene (indicated

within brackets) from 2000-2019

2000 2005 2010 2015 2019
China 82.8% (68.2%) 81.4% (65.0%) 80.3% (60.5%) 84.3% (65.5%) 83.2% (64.1%)
India 50.8% (37.8%) 49.9% (40.2%) 54.6% (41.7%) 55.1% (43.6%) 55.8% (44.5%)
ROA 32.9% (22.8%) 38.9% (26.4%) 41.8% (30.9%) 46.2% (36.8%) 47.3% (37.7%)
SSA 18.6% (5.3%) 23.9% (8.6%) 23.3% (13.6%) 28.1% (17.1%) 30.5% (17.6%)
NAME 7.1% (4.8%) 11.7% (5.2%) 11.3% (6.2%) 11.7% (6.6%) 12.6% (6.9%)
LATIN 5.4% (0.2%) 5.9% (0.2%) 5.9% (0.2%) 6.3% (4.1%) 6.3% (0.1%)
ECEurope 2.2% (2.1%) 2.3% (2.2%) 5.8% (2.4%) 2.8% (2.6%) 2.8% (2.7%)
WEurope 3.6% (0.7%) 1.7% (0%) 3.4% (0%) 3.5% (1.1%) 3.5% (0.7%)
us 28.2% (10.8%) 24.3% (8.4%) 13.4% (0%) 9.5% (0%) 4.5% (0%)
Canada 41.2% (30.3%) 36.4% (26.7%) 18.3% (0%) 0.4% (0.1%) 0.4% (0.1%)
ROW 0% (0%) 0% (0%) 0% (0%) 0% (0%) 0% (0%)
Global 36.4% (26.3%) 37.5% (26.7%) 38.0% (26.8%) 39.7% (29.8%) 39.7% (29.3%)

Canada, especially before 2010 (Table 1). Despite a significant decline in the
proportions of the exposed population in the US, nearly 4.5% of the
population (mostly in the Southeast US, as shown in Fig. 4a) still faced a high
risk of developing cancers in 2019. We notably acknowledge the severe
impacts of the 2019 Australian bushfires”, which occurred from October
2019 to February 2020, with a peak in December and January. Despite the
significant increase in carcinogenic VOCs from these bushfires (Supple-
mentary Fig. 8), the percentage of the population exposed to an unac-
ceptable lifetime risk in the rest of world (ROW) - comprising Australia,
New Zealand, and Greenland - remained at 0% in 2019 (Table 1). This is
because the LICR, based on the annual mean VOC:s, still fell below the
threshold for unacceptable lifetime risk (Supplementary Fig. 9). Addition-
ally, the lifetime cancer risk attributable to benzene exposure in Canada
(24x107°-2.6 x 10™°) was deemed as “unacceptable”, primarily due to
substantial emissions from oil sands regions (Supplementary Fig. 10a). A

similar high benzene risk was also found in other major oil-producing
regions, particularly in the Middle East. Based on our country-wise esti-
mation, ten countries had a benzene-induced LICRs exceeding the U.S.
EPA’s upper-bound risk level in 2019. Among them, Bahrain (LICR:
3.7x 107, Qatar (3.5x10™*), United Arab Emirates (2.3 x 10™), and
Kuwait (2.0 x 107*) had the highest benzene-related cancer risk. Nigeria, the
largest oil producer in Africa, also ranked ninth (out of 195 countries) due to
its unacceptable high risk (1.1 x 10™). Therefore, it is highly recommended
to mandate stricter emission control in the oil and gas industry in these
countries to reduce primary and secondary emissions of carcinogenic VOCs
and protect human health.

In addition to assessing individual risk, we evaluated the
population-wide risk by calculating the cancer burden (CB) associated
with lifetime exposure to carcinogenic VOCs at global, regional, and
national levels. Our analysis revealed that benzene, formaldehyde, and

npj Climate and Atmospheric Science | (2024)7:54



https://doi.org/10.1038/s41612-024-00598-1

Article

(a) 2019 Integrated CB

(b) 2019 Benzene CB

(c) 2019 CH20 CB

concer coses

5.0
4.0
30
2.0
1.0
08
0.6
0.4
0.2

0.0

-200
-35.0

-50.0

60°S.

h
-50.0

90 Fa0" 150W 120W 9OW 6O0W 30W ©0° 30 60 90 120 TS0 180°180° 150°W 120W SOW 60W oW O°

Fig. 5 | Global distribution of total cancer burden (CB) attributable to lifetime
exposure to NMVOC. a Integrated carcinogens, b benzene, and ¢ formaldehyde
(CH,0) in 2019. d-f, g-irepresent percentage changes of CB and lifetime inhalation
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cancer risk (LICR) for integrated carcinogens, benzene, and CH20 from 2000 to
2019, respectively. Note that the “during 2000-19” in the subtitle of (d-i) refers to
the period from 2000 to 2019.

acetaldehyde exposures were responsible for global total cancer burdens
of 0.60 (95% confidence interval (95CI): 0.40-0.81), 0.64 (95 CI:
0.42-0.86), 0.69 (95 CI: 0.46-0.93), 0.79 (95 CI: 0.52-1.06), and 0.85 (95
CI: 0.56-1.14) million for the years of 2000, 2005, 2010, 2015, and 2019,
respectively. Benzene exposure contributed to 72.2-74.1% of the inte-
grated cancer burden between 2000 and 2019, followed by formaldehyde
(20.5-22.0%) and acetaldehyde (5.4-5.8%). China, India, ROA, and SSA
had significantly high cancer burdens (Fig. 5a-c), accounting for
80.8-84.4% of the global annual total during 2000-2019. In contrast, the
US and WEurope contributed only 3.9-2.3% and 3.8-2.1% to the global
annual total cancer burdens, respectively.

We also ranked countries based on their total cancer burden esti-
mates in 2000, 2015, and 2019 (Fig. 6). The top two countries with the
largest population, China and India, represented the highest cancer
burdens worldwide due to their high cancer risks. The US respectively
ranked seventh and fifth for the total- and formaldehyde-induced CBs in
2019, despite a decrease in LICRs between 2000 and 2019 (Fig. 5g-i).
Compared to benzene (Supplementary Fig. 11), the formaldehyde-
related cancer burden changed much slower over the US due to a slight
decrease in formaldehyde levels (—2.3%, Fig. 3d) in the past two decades.
Southern Asian countries such as Indonesia (from 7th in 2000 to 4th in
2019) and Pakistan (from 4th to 3rd), Sub-Saharan African countries
such as Nigeria (from 6th to 5th) and the Democratic Republic of the
Congo (from 19th to 9th) and Brazil (from 12th to 10th) witnessed an
increase in their country rank for the annual total cancer burden. The
reasons for the increased rank varied for each country. Severe forest fires
in Indonesia in 2015 and 2019 elevated regional benzene (Fig. 3¢) and
formaldehyde (Fig. 3d) levels and the corresponding cancer burdens
(Fig. 5e, f). The Democratic Republic of the Congo, the primary basin of
the world’s second largest rainforest (the Congolese), experienced a
significant increase in formaldehyde-induced cancer burden (Fig. 6) due
to both ‘slash-and-burn’ agricultural practices® - whereby vegetation is
cut down and burned before crop planting to enrich the soil - and bio-
genic emissions. All 195 countries’ estimates of the lifelong cancer bur-
dens in 2000, 2015, and 2019 are available in Supplementary Tables 3-5.

Discussion
The changes in estimated cancer burden for each country and region are
influenced by their corresponding VOC emissions, lifetime cancer risk, and
population growth. Figure 5d-i displays the global distribution of relative
changes in integrated-, benzene- and formaldehyde-induced CBs and
LICRs during 2000-2019. There is an obvious opposite trend observed
between high-income and low-to-middle-income countries. Between 2000
and 2019, high-income countries such as the US, Canada, and European
countries experienced a decline in the integrated- and benzene-induced
cancer burdens by 15.4-21.6% and 18.7-28.7%, respectively. Despite a
slightly increased population during the period of 2000-2019 (1.1-25.2%,
Fig. 7d), anthropogenic emissions of benzene, formaldehyde, and acet-
aldehyde in these high-income countries separately reduced 11.4-40.6%,
23.3-37.5%, and 16.8-54.1% (Fig. 7a), resulting in 16.6-34.4%, 2.3-6.8%,
and 7.5-26.5% (Fig. 7b) of decreases in the estimated LICRs, respectively.
Therefore, reducing emissions played a key role in lowering VOC-related
cancer burdens in high-income countries. However, an exception was found
for formaldehyde, which led to increased cancer burdens among high-
income countries (Fig. 7c). This can be explained by the population growth
greatly outweighing LICRs reduction. For instance, the US population
increased by 21.0% between 2000 and 2019, while the formaldehyde-
induced LICR decreased by only 2.3%, resulting in an overall increase in
population-wide cancer burden by 14.4%. Interestingly, the study also found
that secondary formation of formaldehyde might be significant over
Canadian oil sands regions, given reduced primary emissions (—40.6%, Fig.
7a) but elevated surface concentrations and LICRs (+23.9% and +23.3%,
Fig. 7b), especially over Alberta oil sands region. Previous studies reported
that precursor compounds emitted from oil and gas operations (e.g.,
hydraulic fracking, flaring, compression, etc.) could contribute to the sec-
ondary formation of formaldehyde®*'™*. Therefore, from an air quality
management perspective, it is necessary to jointly control formaldehyde and
other VOC emissions in oil sands facilities in Canada.

In contrast, low-middle-income and low-income countries respectively
experienced increases in integrated- and benzene-related cancer burdens of
7.9-141.0% and 4.0-166.0%, particularly in the SSA and ROA regions, for the
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Fig. 6 | Primary countries with the highest integrated- and formaldehyde (CH,O)-induced cancer burden (CB) in 2000, 2015, and 2019. Income categories are based on

the World Bank country classifications for the year 2019.

period of 2000-2019. Sub-Saharan Africa had the fastest growth in popula-
tion (4-79.5%) and VOC emissions (69.4-72.8%, Fig. 7a) during 2000-2019,
resulting in the largest increases (98.7-166.0%, Fig. 7c) in population-wide
risk in the region. ROA ranked second in terms of relative change in VOC-
induced cancer burdens, primarily due to its largest increase in surface VOC
concentrations and associated LICRs (39.3-77.8%). China, the country with
the highest cancer burden globally (Fig. 6), experienced comparatively small
changes (4.2-19.0%). This was primarily because of reduced benzene emis-
sions, which were possibly the result of reductions (—48.6%) in the trans-
portation sector (Supplementary Fig. 2a), and a moderate population growth
of 14.2%, during the years of 2000-2019. This trend was also observed in
countries within NAME. Given that global population expansion is an
unstoppable trend, reducing carcinogenic VOC emissions-particularly
benzene-is critical in less developed countries to lower both individual- and
population-wide risks in the short term. Moreover, a long-term perspective
necessitates proposed strategies to limit formaldehyde emissions in these
countries. For developed countries, special attention should be given to the

secondary formation of formaldehyde, as primary emissions of benzene and
formaldehyde have substantially decreased over the past two decades.

In this study, we also examined the excess LICR resulting from
exposure to VOCs across different economies (low-, low-middle-, upper-
middle-, and high-income)* to highlight health exposure disparities.
Supplementary Fig. 12 demonstrated that low-middle-income countries
have significantly higher exposure risks (up to a factor of 2.1) than low-,
upper-middle- and high-income countries. With rapid urbanization and
industrialization, low-middle-income countries like India and Nigeria
have more complex emission sources of VOC than low-income countries
(mostly residential sources and forest fires), making the low-middle-
income economies at high cancer risk. We also noticed that low- and low-
middle-income countries had much higher risks associated with for-
maldehyde and acetaldehyde exposure than upper-middle- and high-
income countries. This was largely ascribed to wildfires that occurred in
these countries, such as the Democratic Republic of the Congo, Indonesia,
and the Central African Republic4°, where slash-and-burn cultivation was
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widely practiced during the agricultural season. Although burning leftover
scrub may be fast and economical for farmers, the smoke releases sig-
nificant amounts of toxic air pollutants (e.g., PM,s, VOCs), which
degrade local and regional (e.g., the 2015 Southeast Asia Haze Crisis) air
quality and threaten human health. Given the context of global warming
and more frequent heat waves, promoting alternative practices to mitigate
open agricultural burning is highly desirable, particularly in low- and low-
middle income nations. Between 2000 and 2019, we also observed
opposite trends in the VOC-induced lifetime cancer risks between less
developed and highly developed economies (Supplementary Fig. 12),
which will likely worsen if concrete mitigation strategies are not imple-
mented in low and low-middle-income countries.

Our study has several limitations and assumptions that warrant
acknowledgement. Foremost, we assumed the exposures to the mixture of
carcinogenic VOCs to be additive. Grounded in our current understanding
of these compounds’ contributions to cancer risks, we believe this
assumption to be reasonable. However, we recognize the complexity of their
interactions, which could lead to either synergistic or antagonistic health
effects”. Second, our risk estimates are based on a limited set of hazardous
VOCs, which may not present the total potential cancer risk associated with
these pollutants. Out of the 22 VOCs input to the model simulation, we
considered 10 VOCs, including three carcinogens, for which the U.S. EPA
has dose-response data. We focused on the inhalation exposure pathway
and did not consider dermal and ingestion exposures or indoor sources of
pollutants (e.g., volatile chemical products from personal care), which
might have led to an underestimation of cancer risk. Third, we could not
collect exposure variables specific to each country and region, so we
assumed the intake rate of each age group to be the same between Chinaand
ROA, as well as between the US and WEurope, based on their similar race
and physical characteristics. Lastly, there are inherent uncertainties
involved in the emission inventory*’, model configuration, and simula-
tions, which could bias our risk estimates. Although we conducted cross-

validations to test the model’s performance in predicting surface VOC
concentrations and corresponding cancer risks, caution is needed when
interpreting our risk estimates, especially over regions with few ground-
based measurements (e.g., SSA, ROA, NAME, etc.). The coarse horizontal
model resolution of CAM6-Chem may not be well representative of overall
exposure variations in those grid cells with varying landscapes and large
concentration gradients. Despite these limitations, our study is distinctive in
utilizing a state-of-the-science climate-chemistry model to estimate the
individual- and population-wide excess lifetime cancer risks associated with
carcinogenic VOC exposure. We provide a comprehensive global view of
the unequal spatiotemporal distribution of VOC exposure over the past 20
years, which has significant implications for addressing persistent health
exposure disparities among different regions.

In summary, this study utilized the newly developed Community
Earth Data System (CEDS) emission inventory and a global chemistry-
climate model to analyze spatial and temporal variations of VOC con-
centrations and shed light on the unequal distribution of global air pol-
lution exposure over the past two decades. Our results showed that an
alarming 36.4-39.7% of the global population were exposed to carcino-
genic VOC with an unacceptably high cancer risk during 2000-2019. Of
particular concern was China, where this proportion remained extremely
high (82.8-84.3%) throughout the study period, while it was significantly
low in European countries (1.7-5.8%). The US and Canada also witnessed
a significant decline in the exposed populations, mainly due to substantial
reductions in benzene emissions. In contrast, the low- and low-middle-
income countries experienced a consistent increase in VOC emissions
between 2000 and 2019, leading to 1.6-2.2-fold higher lifetime excess
cancer risks from VOC exposure than high-income countries. Therefore,
we propose a different priority mitigation strategy for the low-to-middle-
income countries (benzene-based reduction) and high-income countries
(secondary formaldehyde-based) to effectively reduce VOC exposure.
Our findings are of value for evaluating the long-term health burdens of
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global VOC exposure and for addressing the exacerbated health exposure
disparities among different income nations.

Methods

Model Simulation

In this study, we utilized a state-of-the-art three-dimensional chemistry-
climate model, the Community Earth System Model (CESM version 2.2.0)
Community Atmosphere Model with Chemistry, version 6 (CAM6-
Chem)*, to investigate global trends in surface NMVOC concentrations for
the period of 2000-2019 (for model configuration details, refer to Supple-
mentary Table 6). CAM6-Chem model has been widely used to simulate
global tropospheric and stratospheric atmospheric composition, given its
comprehensive chemistry mechanisms, namely the Model for OZone and
Related chemical Tracers — Tropospheric and Stratospheric chemistry
(MOZART-TS1)" and the four-mode version of the Modal Aerosol
Model”. Additionally, secondary organic aerosols in CAM6-Chem are also
parameterized via the volatility basis set approach, which has led to an
improved response of organic aerosol to emissions and climate change™. We
ran the CAM6-Chem model at a horizontal resolution of 1.25° in longitude
and 0.9° in latitude with specified dynamics using the Modern-Era Retro-
spective analysis for Research and Applications, version 2 meteorological
fields. Each model simulation was run at 5-year intervals from 2000 to 2019,
with the first year as a spin-up and the remaining years for results analysis.

The global anthropogenic emission inventory for trace gases and
aerosols used in CAM6-Chem model were primarily based on the Com-
munity Earth Data System (CEDS) release v2021_04_21%, which contains
global monthly emissions of NMVOC for eight sectors (Supplementary
Table 2) between 1750 and 2019. Here we extracted gridded emissions data
of NMVOC from CEDS during the period of 2000-2019. For individual
VOC emissions, we calculated the scaling factors of 22 VOC species,
including benzene, toluene, xylenes, big alkane (BIGALK: lumped > C,
alkanes)*”*, big alkene (BIGENE: lumped > C, alkenes)**’, acetylene,
ethylene, ethanol, ethane, propylene, propane, formaldehyde, acet-
aldehyde, acetone, methanol, formic acid, acetic acid, intermediate-VOC,
semi-VOC, methyl ethyl ketone, acetonitrile, and hydrogen cyanide, based
on the Coupled Model Intercomparison Project Phase 6 (CMIP6)
inventory, which were then applied to scale the CEDS anthropogenic
NMVOC emissions to estimate 22 VOC species’ emissions between 2000
and 2019. We set intermediate-VOC emissions as 20% of NMVOC
emissions and semi-VOC emissions as 60% of primary organic aerosol
emissions™. We also re-gridded CEDS NMVOC and 22 individual VOC
emissions from their default 0.5° latitude by 0.5° longitude resolution to a
0.9°x 1.25° latitude-longitude resolution, which is consistent with the
CESM model resolution. Additionally, surface biomass burning emissions
were based on the CMIP6 inventory developed by van Marle et al.*.

To evaluate model performance in predicting surface NMVOC con-
centrations, we compared the modeled BTEX concentrations with in-situ
observations from the US, Canada, and European countries where com-
prehensive VOC monitoring networks are available (Supplementary Dis-
cussion 1). Further details on CAM6-Chem model configuration and
evaluation have been described explicitly on our previous study’ and
elsewhere’™>,

Health risk assessment

Our study involved the selection of 10 hazardous VOCs, namely for-
maldehyde, acetaldehyde, benzene, toluene, xylenes, propylene, methanol,
methyl ethyl ketone, acetonitrile, and hydrogen cyanide, for health risk
assessment based on their toxicity and carcinogenicity (see Supplementary
Table 1). Before conducting the risk assessment, we calculated the
population-weighted concentrations of each VOC, as shown in Eq. (1):

> (POPZ-J- X Conc,-_jyk)

1
> POP,; @

PWC; ;=

1

where PWC; ; refers to the population-weighted annual mean concentra-
tion of species (k) in the unit of ug m™> within grid box (i, j); POP; jrepresents
the population residing within each grid box (i, ). Data on global population
count was downloaded from the NASA Socioeconomic Data and
Application Center (SDAC) for the Gridded Population of the World,
version 4 (GPWv4), with a horizontal resolution of 2.5 arc-minute”. This
data was further re-gridded to 0.1° latitude x 0.1° longitude to facilitate
country-wise analysis. Conc; ; « represents the annual mean concentration
of species (k) (ug m ™) within the horizontal grid box (i, j), as determined by
the CAM6-Chem monthly outputs.

We evaluated and detailed the chronic non-cancer risks associated with
exposure to hazardous VOC in Supplementary Discussion 2. For cancer-
associated risk assessment, we separately calculated it for specified age
groups (from the third trimester to age 70, Supplementary Note 1) by
accounting for greater susceptibility to carcinogens during early life
exposure™. The residential inhalation dose and lifetime inhalation cancer
risk (LICR) of benzene, formaldehyde, and acetaldehyde for each age group
are respectively estimated using Egs. (2, 3):

Dose;

ijka = PWC;;; X (BR/BW), X EF x 107° (2)

LICR;

ijka = Dose;

ijka X CPE, X ASF, X ED, /AT XFAR,  (3)

where Does; ; 1, and LICR,; j 4, , refer to the residential inhalation dose (mg
kg™' d™") and lifetime inhalation cancer risk (unitless) of species (k) at each
horizontal model grid box (i, j) for specified age group (a); (BR/BW),
denotes the breathing rate (BR) normalized to body weight (BW) in the unit
of L kg™' body weight d™" for each age group (a); EF is the exposure fre-
quency (unitless); 10 is a unit conversion factor that converts micrograms
to milligrams and liters to cubic meters; CPFy is the inhalation cancer
potency factor (mg (kg-day) ")~ of species (k); ASF,, ED,,and FAR, are the
age sensitivity factor (unitless), exposure duration (years), and the fraction
of time spent at residential areas (unitless) for specified age group (a); and
AT is the average time for lifetime cancer risk (years). The values of exposure
variables used in the cancer risk estimation are listed in Supplementary
Table 7. We calculated the excess lifetime cancer risk separately for each age
group and carcinogen, then added them up to yield the integrated cancer
risk at the receptor location. The risk estimated in this study are intended for
the maximum exposed individual resident, using a health protective
approach designed to prevent underestimation of public health impacts,
especially during early life exposure. The uncertainty and 95% confidence
interval of VOC-induced cancer risks were estimated based on the standard
deviation of exposure parameter (BR/BW).

Apart from estimating individual non-cancer and cancer-associated
risks, we also evaluated population-wide risk using the cancer burden
method. This method takes into account the potential excess cancer cases
that may occur in a population due to lifelong exposure to carcinogenic
VOCs. It assumes a population (not necessarily the same individuals) will
live in the impacted area for a lifetime (70 years). The cancer burden is
calculated using Egs. (4):

CB,;, = LICR;, X POP;; ()

where CB;;« and LICR,; represent the cancer burden (CB) and LICR of
species (k) for the grid box (i, j), respectively. We aggregated the total
estimated number of potential cancers to determine the cancer burden at
regional, national, and global scales. It is noteworthy that estimated cancer
burden can be further translated into annual cancer cases by dividing the life
expectancy in a specific country.

To provide a more comprehensive understanding of global health
burdens associated with VOC exposure, we’ve followed the approach from
our previous studies™*” and divided the global into 11 regions: China, India,
ROA, LATIN, SSA, ECEurope, NAME, the US, Canada, WEurope and
ROW. The initial seven regions are classified as developing countries, while
the latter four are considered developed, as per the International Monetary
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Fund classificiation®. This division allows for a detailed, multi-tiered dis-
cussion (scale: global-regional-country) of health burdens linked to different
levels of VOC exposure.

Data availability

All data generated or analyzed during this study are included in this
manuscript and its supplementary information files. The CEDS anthro-
pogenic emission data used in this study are available at Zenodo (https://doi.
org/10.5281/zenodo.4741285). CESM is an open-source community model
and is publicly available at https://github.com/ESCOMP/CESM (last access:
8 August 2023).

Code availability

The codes for analysis, statistical computing and graphics are based on
freeware  environments, IDL  (version  8.72,  https://www.
nv5geospatialsoftware.com/Products/IDL). All codes used in this study
are available from the corresponding author upon request.
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