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Highlights

A general trend of Xi’an>Shanghai>Guangzhou>Hong Kong of indoor PM2 s was found.
OM accounts significant portion of indoor PM2 s, with presence of SOC.

Indoor cooking was found inducing an increment of PMzs level of 13.2 pg m™,

Tobacco smoking/incense burning could lead to increased PM_s level of 11.8 pug m™=.

Impact of outdoor penetration could still be significant with limited air exchange.
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Abstract

Increasing public attention on exposure to PM2s are essential to the assessment of the related
health effects. The indoor PM2s mass and organic/elemental carbon (OC/EC) during winter of
2016-2017 at 68 residential households in four large Chinese cities (i.e. Hong Kong, Guangzhou,
Shanghai, and Xi'an) were studied. Average indoor PM2;s varied by two-fold, lowest in Hong
Kong (34.0 = 14.6 ug m®) and highest in Xi’an (78.7 + 49.3 ug m), with comparable levels for
Guangzhou (47.2 + 5.4 pg m™®) and Shanghai (50.3 + 17.9 pg m™). Lowest air exchange rate
(AER, 0.8 + 0.8 h') and PM2s indoor/outdoor (1/0) ratio (0.72 + 0.23) were found for Xi’an
households, indicating the limited influence from indoor sources, while importance of indoor
PM2s sources is signified with the highest PM2s I/O ratio (1.32 = 0.43) identified for Shanghai
households. For households in four cities, OC and EC accounted for 29.5 % — 38.5 % and 7.5 % —
8.9 % of the indoor PM2s mass, indicating the significance of carbonaceous aerosols. Larger
differences between indoor and outdoor OC (2.6 — 8.4 %) than EC (-2.2 — 1.5 %) indicate the
presence of indoor OC sources. Decreasing trends of PM.s I/O ratio and indoor OC proportion
were found as the worsening ambient air quality. On average, 11.8 pg m= (23.1 %) and 3.02 pg
m= (18.7 %) higher indoor PM2s and OC concentrations were identified for households with
other indoor combustions (e.g., tobacco smoking, incense burning) compared to those with only
cooking activities. For Hong Kong and Shanghai households, increments of 13.2 pg m= (54.1 %)
of PM2s and 4.1 ug m™ (45.4 %) of OC were found at households with cooking activities as

compared to households with no specific indoor combustion.

Keywords: Residence; PM.s (Fine Suspended Particulate); Carbonaceous Aerosols; Indoor

Combustion; Ambient Penetration.
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1 Introduction

Public attention on air quality is on a rising trend, due to the increased occurrence of severe air
pollution events and associated adverse health impacts (Shen et al., 2017; Tian et al., 2016).
During a severe haze episode over northern China in 2013, particulate matter (PM) with
aerodynamic diameter less than 2.5 um (PM2s) level was about 9-fold higher than the Chinese
National Ambient Air Quality Standard (Huang et al., 2014). These elevated PM2s concentrations
were related to increased hospital visits due to cardiovascular and respiratory illness (Chen et al.,
2013). Because of the small size, PM25 can penetrate into human respiratory system and interfere
the lung function (Li et al., 2017; Penttinen et al., 200la; Penttinen et al., 2001b).
Epidemiological studies demonstrated that PM-exposure is associated with numerous respiratory
system related diseases, and even with mutagenic and carcinogenic health effects (Achilleos et al.,
2017; Heo et al., 2014; Li et al., 2017; Pope Il et al., 2002; Pope Il and Dockery, 2006).
Measurements from the central monitoring site may not be adequate to evaluate PM-induced
health risk, as people spend 90% of time indoor, and among which 80% in residences (Klepeis et
al., 2001). Indoor PM2s can be attributed to penetration from ambient through ventilation and
infiltration (Cheng et al., 2017; Morawska et al., 2001), as well as various indoor sources
including cooking, tobacco smoking, incense burning, cleaning and etc. (Eatough et al., 1989; He
et al., 2004; Lee and Wang, 2004; Li et al., 2017; Liu et al., 2016; Moriske et al., 1996; Secrest et
al., 2017). This results in higher indoor than ambient PMs concentrations (Barraza et al., 2014;
Cao et al., 2005; Custddio et al., 2014; Lai et al., 2010; Patterson and Eatough, 2000). It is
essential to examine the indoor PM levels in different microenvironments, for further evaluation
of PM health impacts.

Carbonaceous aerosol, including organic carbon (OC) and elemental carbon (EC), accounts for

20 to 50% of PM2s mass (Abt et al., 2000; Cao et al., 2013; Cao et al., 2007; Cao et al., 2003;
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Funasaka et al., 2000; Ho et al., 2002; Nunes and Pio, 1993; Zhou et al., 2012). During winter,
higher frequency of severe PM pollution events were attributed to carbonaceous aerosols (\Wang
et al., 2012; Xu et al., 2015; Zhou et al., 2014). OC includes polycyclic aromatic hydrocarbon
(PAH) and other organic compounds, some of these components has been classified as human
carcinogen (such as Benzo[a]pyrene) by International Agency for Research on Cancer (IARC).
EC has also been associated with the increment of mortality related to lung cancer and other
respiratory diseases (Frazer, 2002). As cooking and other combustion activities could contribute
to the elevated indoor carbonaceous aerosol level, it is important to identify the dominated
emission sources to improve indoor air quality.

Levels of impacts on indoor air quality may vary due to the spatial variations of ambient air
pollutants concentrations (Huang et al., 2014; Zhang et al., 2012; Zhang and Cao, 2015).
Moreover, various climate, heating/ventilation, and cooking activities in different regions may
also affect the indoor air quality (Abdullahi et al.,, 2013; He et al., 2004). Therefore, the
characteristics and contributions of indoor emission sources to PM2s mass and carbonaceous
species may exhibit spatial variations, that needs to be further investigated (Cao et al., 2005; Ho
et al., 2004; Huang et al., 2007; Lai et al., 2010; Xu et al., 2015). In this study, indoor PM25 in
residential homes in four Chinese cities (i.e., Hong Kong (HK), Guangzhou (GZ), Shanghai (SH),
and Xi’an (XA)) with different pollution mixtures, meteorological characteristics, and residential
living habits were for the first time investigated during the same sampling period from November
2016 to April 2017, for assessing the characteristics of potential sources, and examining the

spatial variation of source contributions.

2 Methods
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2.1  Sampling sites

Households in four Chinese cities were investigated in this study. Hong Kong is a well-developed
coastal city located in south China with high population and urban density. Major air pollutant
emission sources in Hong Kong are ocean cargo carriers, road traffic, and domestic emissions.
Guangzhou is the capital city of Guangdong province in south China relying on its commercial
and moderate industrial activities, with ship emission, traffic emission and industrial emission as
the major sources of air pollution. Shanghai is the largest city located at the estuary of Yangtze
River Delta, for which ship emission and traffic emission are dominated. Xi’an is an inland city
located at the centre of Guanzhong Plain in west-northern part of China, relying on its industrial
and tourism activities. Sources of the air pollutants during winter in Xi’an include industrial
emission, traffic emission, and from heating services. Locations of the four cities are shown in
Fig. 1. According to the long-term record from National Oceanic and Atmospheric
Administration (NOAA) of USA, the average ambient air temperature during winter for Hong
Kong, Guangzhou, Shanghai, and Xi’an are 15 — 17 °C, 15 - 17 °C,5-7°C, and 1 - 3 °C,
respectively.

A total of 68 residential homes, with two sets of indoor PM2s samples collected for most of the
residences, were investigated for this study. Sampling periods were 9" November 2016 — 8™
March 2017 (39 days) for Hong Kong, 29" November 2016 — 15" March 2017 (14 days) for
Guangzhou, 21 November 2016 — 14™ April 2017 (37 days) for Shanghai, and 18" November
2016 — 20" March 2017 (41 days) for Xi’an, respectively. In terms of urban planning, Shanghai
and Xi’an share similar strategy, that residential areas are concentratedly located in suburban area
with less commercial infrastructures, while urban areas are mainly for commercial activities with
less and separated residential areas. Hence, most of the residences investigated in Shanghai (13

cases, 65.7%) and Xi’an (18 cases, 85.7%) investigated in this study were classified as suburban
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residences. While Guangzhou was with less centralized planning, that the residential areas are
located more separately with commercial infrastructures nearby in the city centre areas (Liwan,
Yuexiu, Haizhu, and Tianhe Districts). Four out of seven residences investigated in Guangzhou
were identified as urban residences (57.1%) as they located in city centre areas, while the other
three located in districts far from centre areas and with less commercial infrastructures nearby
were identified as suburban residences (42.9%). A large number of population reside in Hong
Kong Island, Kowloon district, and along the train line in New Territories district, where
residential areas are closely combined with commercial infrastructures. Hence, most of the
investigated homes were identified as urban residences (85.0%) in Hong Kong. Information
including location categories, elevation, floor area, number of residents, and indoor activities is
summarized in Table S1. As shown in Fig. S1, most of the residences investigated in this study
were separately located in districts in city centre areas and centralized residential areas in
suburban, with some located in districts far from city centre (suburban or even rural areas).
Moreover, the investigated residences include different normal family types (with or without
indoor cooking, tobacco smoking activities, different size of home occupants, etc.). We
considered the residences investigated in this study were capable to represent the general

condition of the city.

2.2 Sample Collection

Simultaneous PM2s sampling with 47 mm Teflon-membrane filters and Quartz-fibre filters
(PALL, USA) were conducted using two MiniVol Portable Air Samplers (Airmetrics, USA)
equipped with PM_s impactors with a flow rate of 5 L min™ at a sampling height of 1.5 m above
the ground level. The sampling period between November 2016 and early April 2017 intends to

represent winter and early spring seasons. Concurrent real-time monitoring of 1-minute average
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carbon dioxide (COy), temperature, and relative humidity by Q-trak (TSI, USA) were used to
estimate the air exchanges, and 1-minute average PM2s mass by Dust-trak (TSI, USA) was used
to record temporal variations of indoor PM2s level. Two consecutive 24-hour samples were
acquired at most of the residential homes. Sampling log sheets were distributed for recording
sampling information and the indoor activities.

Most of the outdoor PM25 samples were collected at the balconies of residential homes. Due to
the limited accessibility for outdoor sampling at some households, PM2s measurements from
nearby monitoring stations were applied to examine indoor and outdoor relationships. This
includes PM2s data from Hong Kong Environmental Protection Department (Hong Kong
Environmental Protection Department), and data centre of Ministry of Ecology and Environment
of the People’s Republic of China (Ministry of Ecology and Environment of the People’s

Republic of China).

2.3 Sample processing

Teflon-membrane filters were equilibrated in a temperature (25.0 £ 1.0 °C) and relative humidity
(40.0 = 1.0 %) controlled environment for a minimum of 24 hours before the gravimetric analysis.
PM2s mass concentrations were determined by a microbalance with sensitivity of £ 1 pg
(Sartorius, MC5, Germany). Consecutive weighing with interval of at least 24 hours were
conducted until the mass difference between the two weighing is less than £ 15 pg. Average of
the two weighing was used for reporting the PM2s mass (Cao et al., 2005; Gao et al., 2015).
Quartz-fibre filters were pre-heated at 900 °C for 3 hours to remove the gaseous OC
contaminants prior to sample collection. After sample collection, a DRI Model 2001
Thermal/Optical Carbon Analyzer (AtmAA Inc. Calabasas, CA, USA) was employed for carbon

analysis of quartz-fibre filter samples, following the IMPROVEA thermal/optical reflectance
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(TOR) protocol (Chow et al., 2007). A punch (0.526 cm?) of the quartz-fibre filter was heated
stepwise to 140 °C (OC1), 280 °C (0OC2), 480 °C (OC3), and 580 °C (OC4) in a non-oxidizing
helium atmosphere, then continuously heated in an oxidizing 2% oxygen with helium balance
atmosphere at 580 °C (EC1), 740 °C (EC2), and 840 °C (EC3). Pyrolysis of OC is continuously
monitored by a 632.8 nm wavelength helium-neon (He-Ne) laser. The evolved carbon is oxidized
to COz and then reduced to methane (CHa4) for quantification by a flame ionization detector (FID).
The method detection limits (MDL) are 0.45 pg cm for OC, 0.06 pg cm for EC, and 0.45 pg
cm for total carbon (TC). All samples in this study yield concentrations higher than the MDL.
Routine calibrations of twice a day during sample analysis were conducted, by injecting known
quantity of CH4 into the analyser for analysis.

PM. 5 samples were stored in petri slides (Millipore, USA) under low temperature (i.e., < 4 °C) to
minimize evaporation of organic compounds. For consideration of quality assurance and control
(QA/QC), a total of 15 pairs of filters were collected and analysed as filed blank samples (Cao et
al., 2003). Clean filters as well as the samples collected may be affected during the storage,
transportation, and operation processes due to exposed to ambient air, that gas-phase organic
compounds may be adsorbed onto the filters or samples. Mass change of field blank filters (2.1
ug filter? in this study) was subtracted for the correction of PM2s mass, and OC mass detected
(0.45 pug cm2 in this study, EC determined from field blanks were below the detection limit) was
subtracted for correction of OC mass. A part of the OC/EC analysis results of the collected
samples were invalid. Real-time monitoring instruments and mini-volume samplers were
maintained and calibrated prior to sampling campaign by the Laboratory of the Hong Kong
Polytechnic University and the State Key Laboratory of Aerosol Chemistry and Physics, Chinese

Academy of Sciences in Xi’an.
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2.4 Data analysis
Using CO> concentrations to estimate air exchange rate for individual households assumes that: 1)
no indoor CO- source after the residents left home, and 2) the indoor CO2 concentration decreases

logarithmically, which can be expressed by:

C,=C,x(1-e")+C,xe™" 1)

In(C,-C,) =—It +In(C, -C,) )

Where Co is the initial indoor CO; concentration; C; is the CO2 concentration at time t; Ca is the
ambient CO, concentration; and | is the air exchange rate in h’, which can be obtained as the
slope of the fitting curve of Eq. (2) derived from Eq. (1). Similar tracer gas decay method has

been reported for evaluating the ventilation conditions in residential premises (Chao et al., 1998).

3 Results and discussion

3.1  Mass concentrations of PM2s and organic/elemental carbon

Statistical summary of average indoor and outdoor PM2 s concentrations in each city is shown in
Table 1. The lowest average indoor (34.0 + 14.6 pg m) and corresponding outdoor (32.9 + 12.6
ug m=) PMzs concentrations were found for Hong Kong households, while residents in Xi’an
were exposed to the highest indoor (78.7 + 49.3 ug m=3) and outdoor (109.3 + 64.4 ug m?)
concentrations. During the sampling period of 41 days in Xi’an, ambient PM2s concentrations
exceeded the Chinese Heavily Polluted standard of 150 pg m= on 10 days (24.4% of the period),
and among which 2 days (4.9%) exceeded the Severe Polluted standard of 250 pug m= (Inspection

and Quarantine of the People’s Republic of China, 2012). While average indoor PMas
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concentration in Shanghai (50.3 + 17.9 pg m=®) and Guangzhou (47.2 + 5.4 pg m?3) are
comparative to Interim Target 2 (1T-2) of WHO Air Quality Guidance of 50 pug m=, average
concentration in Hong Kong (34.0 + 14.6 pg m™) are lower than the 1T-3 of 37.5 pug m3. Average
indoor PM2s in Xi’an (78.7 + 49.3 pug m) exceeded WHO’s IT-1 level of 70 pg m, suggesting
the severity of indoor air pollution. As illustrated in Table 2, indoor PMz2s concentrations in this
study are obviously lower than those of previous studies (Cao et al., 2012; Chao and Wong, 2002,;
Ho et al., 2004, Lai et al., 2010; Zhou et al., 2018; Zhu et al., 2012).

For the associated organic/elemental carbon levels, Table 3 shows highest indoor OC (23.5 £ 9.9
ug m3) and EC (6. 7 + 4.0 ug m) concentrations in Xi’an with comparable OC (12.9 — 15.8 pg

m=) and EC (3.1 — 3.7 ug m™®) in other cities. Table 4 shows carbonaceous aerosol, i.e., organic

matter (OM) + EC, accounts for 48.9 — 62.8 % and 40.7 — 50.4 % of indoor and outdoor PM2s
mass, respectively. High carbon fractions were identified in both indoor (38.5 £ 7.8 % for OC and
8.9 + 2.3 % for EC) and outdoor (30.2 + 9.1 % for OC and 8.2 + 4.0 % for EC) samples in Hong
Kong. Hong Kong is a dense city with less distance between buildings compared with other cities,
thus the influence on indoor PM from traffic emission, which is enriched in carbon species could
be significant (Cao et al., 2003; Cao et al., 2004; Ho et al., 2003). Larger difference between
indoor and outdoor OC (2.6 — 8.4 %) than EC (-2.2 — 1.5 %) suggesting the presence of indoor
OC sources. The OC to PM2s ratio (30 — 39 %) and OM to PMas ratio (41 — 54 %) from this
study is about 8 % and 11 % higher than the previous studies (22 — 29 % for OC, and 31 — 41 %
for OM) (Cao et al., 2012; Cao et al., 2005; Ho et al., 2004; Lai et al., 2010; Zhu et al., 2012) for
indoor PMzss.

The OC/EC ratio has been used to characterizing the emission and transformation of
carbonaceous aerosol and to indicate the presences of secondary organic carbon (SOC) (Gray et

al., 1986). Cao et al. (2007) reported the critical OC/EC ratio values of SOC presence during
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winter were 2.81 and 2.13 for northern and southern Chinese cities, respectively. Table 4 shows
high OC/EC ratios, ranging from 3.9 to 4.5 for indoor and from 2.8 to 4.2 for outdoor, which
were all higher than the reference levels (Cao et al., 2007), implying the presence of SOC for
both indoors and outdoors for all cities. Higher OC/EC ratios for indoor than outdoor and good
indoor OC-EC correlations (r = 0.8 — 0.9) also confirmed the presence of indoor combustion

sources of carbonaceous matters.

3.2 Effects of air exchange

The relationship between the indoor and outdoor air quality is complex, the indoor to outdoor
(1/0) ratio and indoor-outdoor correlation of PM.s concentration, as well as air exchange rate
(AER) are commonly applied to evaluate the degree of penetration from outdoor to indoor.
Statistical summary of PM2 1/O ratio and the AER of residential homes are shown in Table 1,
with indoor/outdoor PM2 s correlations in Table 1.

The lowest average PM,s 1/O ratio (0.72 + 0.23) and AER (0.8 + 0.8 h'%), as well as the highest
indoor PMs level (78.7 + 49.3 ug m=) were found for Xi’an households with highest indoor-
outdoor correlation (r = 0.89). This is attributed to the restricted air exchange for maximizing the
heating efficiency during centralized heating service period in Xi’an, which is not applied in
other cities with warmer climate. Highly correlated indoor and outdoor PMzs levels in Xi’an
households suggest the limited contribution from indoor sources, also the high outdoor PM2s
levels may have influence on indoor levels to some extent. During cold days, residences in
Shanghai tend to use residential HVAC (heating, ventilation, and air conditioning) system. This
resulted in a moderate level of AER (1.3 + 1.1 h') in Shanghai residences. With considerably low
outdoor PM,5s levels (38.2 + 18.8 ug m=), the effect of outdoor penetration may be limited for

Shanghai households. The highest 1/0 ratio (1.32 £ 0.43) for Shanghai households (Table 1)

10
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implies significant contribution from indoor sources. Residences in Hong Kong experienced the
highest AER of 4.3 + 3.4 h't and moderate 1/O ratio of 1.03 + 0.40, suggesting the influence of
outdoor penetration, but with poor indoor-outdoor correlation (r = 0.52, p < 0.05). These results
are consistent with those reported by Chao and Wong (2002) with 1/O ratio of 0.96, AER of 4.6 h-
1 and indoor-outdoor correlation (r < 0.26, p = 0.14) for 34 Hong Kong households. As most of
the households in Hong Kong are apparently smaller in interior volume, the effects of outdoor
penetration or indoor activities could be sensitively reflected on indoor air quality.

Relationships between indoor and outdoor PM2 5, as well as the portions of carbonaceous species
in indoor PM25 mass during different degrees of pollution were thus investigated. According to
the Technical Regulation on Ambient Air Quality Index of China (Ministry of Environmental
Protection of the People's Republic of China, 2012), the obtained samples with 24-hr sampling
period were classified into four groups on the basis of corresponding outdoor PM2s
concentrations: < 35.0 ug m (Clear), 35.1 ~ 75.0 pg m (Light Pollution), 75.1 ~ 115.0 ug m™
(Medium Pollution), and > 115 pg m? (Heavy Pollution). Samples collected in Hong Kong,
Guangzhou, and Shanghai were mostly during Clear days (N=41) and Light Pollution days (N =
54), while for most of the samples collected during Medium Pollution days (N = 23) and Heavy
Pollution days (N = 11) were from Xi’an. A descending trend of PM_s /O ratio (from 1.38 for
Clear days to 0.73 for Heavy Pollution days) could be observed as the worsening ambient air
quality in Fig. 2a. Distribution of 1/0O ratio of individual homes on various outdoor PMas
concentration is shown in Fig. 2b, that higher 1/0O ratio cases were mostly identified during Clear
days and Light Pollution periods, while most cases during Heavy Pollution days were with 1/0
ratios lower than unity. This distribution indicates the strong influence from outdoor penetration
during air pollution episodes, while contribution from indoor sources were likely to be prominent

during periods with good air quality. Fig. 3 shows the portions in PM2s mass of the carbonaceous

11
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fractions during different degrees of air pollution. A descending trend could also be observed of
the TC portions in PM2s mass. No significant difference was observed for EC portions (8.1 % ~
8.7 %), while OC portions showed a 7.4 % difference from Clear days (35.4 %) to Heavy
Pollution days (28.0 %). As previously discussed, OC portions in outdoor PM2s were generally
lower than indoor PM2s since the existence of typical indoor OC sources such as cooking and
tobacco smoking. Regardless the limited air exchange identified for Xi’an households, most of
the samples were collected during poor air quality period, that lower PM2 s 1/O ratios and indoor
OC portions for these Xi’an households could be attributed to more significant influence from

outdoor penetration.

3.3 Effects of indoor activities
According to different indoor activities (e.g. cooking, smoking, and incense burning), households

in four cities were classified into three types:

. Type A: no specific combustion activity (i.e., cooking, tobacco smoking, or incense
burning);

. Type B: only with cooking activities; and

. Type C: with cooking and other combustion activities (e.g., tobacco smoking and/or

incense burning).

Majority of the residential homes for this study were classified as Type B (60.0%, 57.1%, 50.0%,
and 61.9% of investigated homes in Hong Kong, Guangzhou, Shanghai, and Xi’an, respectively)
and Type C (20.0%, 42.9%, 35.0%, and 38.1% in Hong Kong, Guangzhou, Shanghai, and Xi’an),
with limited Type A households (15.0% and 10.0% in Hong Kong and Shanghai). Two

households with indoor tobacco smoking but with no cooking were excluded.

12
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Table 5 shows a general trend of Type C > Type B > Type A for indoor PM25 for four cities.
Considering only the residences of Hong Kong and Shanghai, average PM.s of Type B (37.6 £
14.7 ug m3) and Type C (51.0 + 20.0 ug m3) households were 54.1% and 109.0% higher than
those of Type A households (24.4 + 13.0 pg m™), respectively. With relatively less variations in
outdoor PM2s concentrations for these two cities, a trend of PM2s 1/O ratios of Type C (1.42) >
Type B (1.04) > Type A (0.92) were found, confirming the impact from indoor combustion
sources. On average for four cities, the indoor PM2s for Type C households was 23.1% higher
than those of Type B, showing the additional impacts from tobacco smoking and/or incense
burning. This is consistent with the findings that indoor tobacco smoking could induce a 18 %
increase of indoor PM2 s reported by Chao and Wong (2002). With similar outdoor PMzs levels,
the 1/O ratios increased from 0.92 to 1.30 for Hong Kong and from 1.19 to 1.49 for Shanghai
from Type B to Type C households, and with 37.1% and 26.5% increments in PMas
concentrations, respectively. Relatively small differences in PM2s were found between Types B
and C households in Guangzhou and Xi’an. With elevated PM2s concentrations in Xi’an, the
atypical relationship between the 1/O ratios were found for Type B (0.73) and Type C (0.71)
households with high indoor-outdoor correlation (r = 0.94 and 0.88, respectively), confirming the
limited influence induced by indoor combustion activities on the indoor PM2s levels for Xi’an
households.

Table 6 shows that in general, increments of 7.2 pug m= (79.9 %) for OC and 1.7 pg m= (69.0 %)
for EC from Type A to Type B household, and increments of 3.0 ug m= (18.7 %) for OC and 1.2
g m=2 (30.3 %) for EC from Type B to Type C household were identified. The exception is
found for Shanghai where OC and EC were found higher for Type B (14.9 + 6.0 ug m) than
Type C (13.6 + 2.8 ug m3) households. Tobacco smoking and/or incense burning may represent

smoldering combustion that yields higher OC/EC ratios. Previous studies (Cao et al., 2005; Lai et
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333

334

al., 2010) reported average OC/EC ratios of around 10 of the households with intensive indoor
tobacco smoking and incense burning activities, with the highest OC/EC ratio of 21.2 (around 5-
fold of results in this study). Correlations between indoor OC and EC for different home types
were also studied, as shown in Table 7. Better correlation for Type B (r = 0.95) compared with
Type C households (r = 0.81) indicates the presence of multiple OC sources for Type C
households other than indoor combustions.

Selected examples of time-series plot of 10-minute average indoor PM2s concentrations are
illustrated in Fig. 4. Without indoor activity, Fig. 4a shows little fluctuations in PMas
concentrations for Type A compared with Type B and C households. This diurnal pattern showed
an elevated indoor PM2s concentration during the daytime (up to about 60 pug m) and lowering
during night-time to about 15 pg m3, which may in accordance with the pattern of outdoor PM2s
levels. Considerably higher background PM2s concentration of ~ 90 ug m= were identified for
this Type B household (Fig. 4b), with apparent spikes (> 100 ug m=, about 190 — 470% higher
than background) during meal preparation time (e.g., 06:00 and 18:00 LST). Fig. 4c shows more
apparent spikes (6 to 26-fold) with the maximum 10-minute average PM2s concentrations
exceeding 2000 pg m™ (around the noon on 29" November 2016). Considering there was no
outdoor source other than traffic emission as HK-05 is located next to a main road with heavy
traffic, the rapid increases observed for indoor PM2s concentration were not likely to be
attributed to outdoor penetration. Routine incense burning as religious practice, and indoor
cooking activities according to sampling log, were the main contributors to the spikes observed
for this household.

A simple equation was developed for further understand the PM source contributions, generally

for households in Hong Kong and Shanghai.
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C =C +C +C

indoor = Cautdoor penetrate + Coooking T Comakingsincense-urning + Cindoor oter (3)

Where Coutdoor-penetrate IS the mean outdoor PM2.s concentration of Type A households; Ccooking IS
the corrected PM.s concentrations contributed by cooking activities based on the differences
between the average Type B and Type A households; Csmoking/incense buming 1S corrected
concentration contributed by tobacco smoking and/or incense burning based on the differences
between Type C and Type B household; and Cingoor other 1S the corrected differences between
average indoor and outdoor concentrations of Type A households, which may be contributed by
other indoor sources such as resuspension of deposited dust due to the movement of occupants.
Nine homes in Hong Kong (2 Type A, 4 Type B, and 3 Type C homes) and eight homes in
Shanghai (1 Type A, 4 Type B, and 3 Type C homes) with similar outdoor PM_s levels were
selected for this equation analysis for avoid excessive influence of outdoor penetration.
Correction was performed based on the difference of average outdoor PM2 s concentration.

Fig. 5 shows that with the highest AER (4.3 + 3.4 h, Table 1) in Hong Kong, over half of the
PM2s (57.4%) is attributed to outdoor penetration, much higher than the 43.2% for Shanghai
(AER of 1.3 + 1.1 h'}). This difference is also reflected by the difference between outdoor and
indoor concentrations (i.e., Cindoor other iIN EQ. 3 with 4-fold higher contribution for Shanghai).

While cooking activities contributes similar (15.6 %) portions for both cities. Smoking and/or

incense burning contributions are higher for Hong Kong (20.4 %) than Shanghai (12.7 %).

4 Conclusions
The indoor PM2s and associated OC and EC were examined in 68 residential homes in four
Chinese cities during the period from November 2016 to early April 2017. A general trend of

Xi’an > Shanghai > Guangzhou > Hong Kong for indoor PM_ s levels was identified. Descending
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trend of 1/O ratio as increase of outdoor PM2s level suggested the indoor air quality could be
influenced by outdoor penetration during air pollution episodes. Highest indoor OC and EC levels
were identified in Xi’an’s households, while those in other three cities were with similar levels.
OM accounted larger portion to indoor PM2s when compared with previous studies, with high
OC/EC ratio suggesting the presence of SOC in indoors for the four cities. By dividing the cases
into three categories according to indoor activities, apparent increment of indoor PM2s and
associated OC concentration were observed with more indoor combustion sources. Large
difference of OC in indoor and outdoor indicated the presence of indoor OC sources. From the
proposed equation for estimating the contribution from different sources to indoor PMas levels,
contribution from outdoor penetration was found predominant for Hong Kong households which
were with high level of air exchange, while the indoor sources other than cooking, tobacco
smoking or incense burning accounted considerable portion of contribution for Shanghai
households.

With the worst ambient air quality during sampling period among the four cities, indoor air
quality of Xi’an households was found significantly affected by outdoor penetration. Contribution
from indoor sources was identified predominant for Shanghai households, indicated by the
highest PM2s 1/0O ratio. Though households in Hong Kong were with higher level of air exchange
than other cities, the influence of indoor sources was identified significant, leading to a PM25 1/0
ratio close to unity and poor correlation between indoor and outdoor PMa2s concentration.
Overall, for lowering health risks associated with particle inhalation, indoor air quality may need

further improved for Chinese households, especially for the period of worse ambient air quality.
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Table Captions
Table 1. Statistical summary of indoor and outdoor PM2 s concentrations at four cities.
Table 2. Intercomparison of indoor PM2 5 concentrations from different studies.
Table 3. Summary of indoor OC and EC concentrations and ranges in four cities.
Table 4. Percentage of OC, EC, and OM in PMzs mass, OC-EC correlations in indoors and
outdoors.
Table 5. Average indoor and outdoor PM2 s concentrations by three activity classifications.
Table 6. Average indoor PMys associated OC and EC concentrations by three activity

classifications.
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Table 1. Statistical summary of indoor and outdoor PM2 s concentrations at four cities.

Indoor PM_ 5 Outdoor PM_5 1/0 Ratio Indoor-outdoor Air Exchange

Concentration Concentration PM_5 Pearson Rate (h?)

(1g m3) (g m®) Correlation

Coefficient (r)

Hong Kong 34.0+14.6 3291126 1.03+£0.40 0.52 43134
(n=20) @ (10.0-76.8)° (11.9-55.3)° (0.63-1.92)° (0.02) ¢ (0.7-11.1)°
Guangzhou 472+54 51.9+11.1 0.91+0.17 0.73 1.2+1.0
(n=7)? (39.6 -55.4)° (34.2+66.2) ® (0.79-1.24)" (0.06) © (05-3.1)°
Shanghai 50.3+17.9 38.2+18.8 1.32+£0.43 0.77 13+1.1
(n=20) @ (18.9-138.7)"  (11.4-75.3)" (0.67-2.25)" (0.00) © (0.2-4.1)"
Xi’an 78.7+£49.3 109.3 £ 64.4 0.72+0.23 0.89 0.8+0.8
(n=21) 2 (31.0-224.9)®  (49.0-305.6)°  (0.34-1.35)" (0.00) © (0.1-3.0)°

& Number of samples.
b: Range of parameter.

¢ p-value.
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Table 2. Intercomparison of indoor PM2 s concentrations from different studies.

No. of
City/Study Period
Samples Concentration (ug m3) Ratio

Average Indoor PM2 s

I/0

Reference

Hong Kong S.A.R., China
1999-2000 Winter 34
2002-2003 Winter 3
2016-2017 Winter 20

Guangzhou, China
2003 Summer 9
2004-2005 Winter 9
2016-2017 Winter 7

Shanghai, China
2013-2014 Winter 47
2016-2017 Winter 20

Xi’an, China
2007 Winter 3

2016-2017 Winter 21

45.0
73.9

34.0

47.4
109.9

47.2

69.9 ¢

50.3

237.2

78.7

0.96

0.94

1.03

1.17

0.93

0.91

0.83

1.32

0.89

0.72

(Chao and Wong, 2002)
(Ho et al., 2004)

(This Study)

(Lai et al., 2010)
(Caoetal., 2012)

(This Study)

(Zhou et al., 2018)

(This Study)

(Zhu et al., 2012)

(This Study)

a Statistical median value.
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Table 3. Summary of indoor OC and EC concentrations and ranges in four cities.

OC Conc. OC Conc. Range EC Conc. EC Conc. Range
(ug m) (ug m) (ug m) (ug m)
Hong Kong 12.9+5.1 7.1-275 31+1.7 1.0-8.3
Guangzhou 15.8+5.9 7.1-21.8 3.6+1.0 22-49
Shanghai 146+6.2 54-29.2 3.7x17 14-6.9
Xi’an 23.5+99 9.0-45.9 6.7+4.0 2.3-16.7
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Table 4. Percentage of OC, EC, and OM in PMzs mass, OC-EC correlations in indoors and

outdoors.
OC-EC
% OC % EC % OM @ OC/EC Ratio
Correlation (r)

Hong Kong

Indoor 38578 8.9+23 53.9+10.9 453+1.14 0.95°
Outdoor 30.2+09.1 8.2+40 42.3+12.7 424 +1.59 0.68 ¢
Guangzhou

Indoor 33.9+10.5 78+1.2 475+ 14.7 4.31+0.96 0.85°¢
Outdoor 27.4+5.0 99+14 384+7.0 2.78 £0.38 0.94°¢
Shanghai

Indoor 295022 75+3.0 41.3+12.38 419+1.15 0.86°
Outdoor 26.9+8.8 74+39 37.7+12.3 3.96 +1.05 0.53
Xi’an

Indoor 32.4+8.9 8.6+2.7 453+124 3.91+1.10 0.79°
Outdoor 24074 71+23 33.6+104 3.70 £ 1.67 0.86°
4 0OM = OC x 1.4 for urban environment (Chow et al., 2015)

b Pearson correlation is significant at the 0.01 level (2-tailed).

¢ Pearson correlation is significant at the 0.05 level (2-tailed).
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Table 5. Average indoor and outdoor PM2 s concentrations by three activity classifications.

Indoor Activity City (Sample Indoor PM2s Outdoor PM2s 110 Indoor-Outdoor PM2s  p-value of

Size) Concentration Concentration Ratio  Pearson Correlation Pearson
(ng/m?3) (ng/m?3) Coefficient (r) Correlation

Type A: no specific Hong Kong (3)  20.0+10.8 189+84 1.06 - -

combustion activity Shanghai (2) 31.1+17.3 38.1+37.8 082 - -

(n=5) Average 244 +13.0 26.6 £22.4 0.92 - -

Type B: with only Hong Kong (12) 33.4+10.2 36.2+13.4 0.92 056 0.06

cooking activities Guangzhou (4) 46.2+3.5 51.8+11.9 0.89 0.74 0.26

(n=39) Shanghai (10) 42.7+18.0 35.9+185 119 084 0.00
Xi’an (13) 752+429 103.7 £47.0 0.73  0.94 0.00
Average 51.0+£31.7 60.2+42.8 085 - -

Type C: with cooking Hong Kong (4)  45.8+22.6 35.2+54 130 041 0.59

and other combustion Guangzhou (3) 485+8.1 52.0+12.5 0.93 - -

activities (tobacco Shanghai (7) 54.0 £19.5 36.3+11.1 149 0.86 0.01

smoking or incense Xi’an (8) 84.4+61.0 118.5+88.9 0.71 0.88 0.00

burning) (n=22) Average 62.8+41.4 68.1 £ 65.1 0.92 - -
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Table 6. Average indoor PMys associated OC and EC concentrations by three activity

classifications.

City OC Conc. Percentage of  EC Conc. Percentage of Percentage of OC/EC Ratio OC-EC
(Hg/m?) OC in PMz2s (Hg/m?3) ECinPMz2s OM2in PMzs Correlation
(%) (%) (%) (n
Type A
Hong Kong (2) 10.8+5.2 432+53 27+10 10.8+0.1 60.5+7.5 402+046 -
Shanghai (1) 54+00 28.6+0.0 1.9+0.0 10.0+0.0 40.0+0.0 286+0.00 -
Average 9.0+48 39.2+£8.7 2409 105+04 549+12.2 3.72£0.70 -
Type B
Hong Kong (10) 11.2+3.0 334+84 24+09 72+20 46.8 £11.7 464+1.27 0.81°
Guangzhou (4) 154 +5.1 33.3+10.1 35%09 75+1.6 46.6 +14.1 443091 -
Shanghai (7) 149+6.0 30.2+£10.3 41+19 8328 42.3+14.5 3.66+1.21 088"
Xi’an (11) 17973 216+29 45+16 5414 30.2+£4.0 400+0.62 094"
Average 16.2+7.8 29.1+84 41+24 74+£21 40.8+11.8 3.96+1.08 0.94°
Type C
Hong Kong (4) 18.0+7.2 39.3+£6.0 5225 111+21 55.0+ 8.4 354044 -
Guangzhou (3) 164 +8.1 33.8+13.1 38+12 78+14 47.3+18.3 431+£1.18 -
Shanghai (7) 136+238 251+73 33+13 6.1+24 35.1+103 413+1.16 0.85¢
Xi’an (8) 258+104  305%10.0 78+5.1 9.3+33 427+14.1 330+162 0.71¢
Average 19.2+9.0 30.5+£9.38 5338 8531 42.8+£13.8 3.60+1.23 081°

20OM = OC x 1.4 for urban environment (Chow et al., 2015)
® Pearson correlation is significant at the 0.01 level (2-tailed).

¢ Pearson correlation is significant at the 0.05 level (2-tailed).

Note: Due to the limited sample size, all Type A, Type B household in Guangzhou, and Type C household in Hong

Kong and Guangzhou were excluded for the correlation comparison.
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Figure Captions
Fig. 1. Locations of investigated four cities.
Fig. 2. (a) Indoor and outdoor PM2 5 concentration and PM2 s 1/O ratio, and (b) relation between

outdoor PM2 5 concentration and 1/0O ratio during periods of different degrees of pollution.

Fig. 3. Portions of OC and EC in indoor PM25 mass during periods of different degrees of
pollution.

Fig. 4. Temporal variations of indoor PM2s concentrations for (a) Type A household in
Shanghai; (b) Type B household in Xi’an; and (c) Type C household in Hong Kong, Missing
data for Type B (XA-06) and Type C (HK-05) were due to pausing of measurement during
filter changing.

Fig. 5. Contributions of indoor activities to indoor PM2s concentrations of residential homes

in Hong Kong and Shanghai.
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Table S1. Characteristics of Residential Homes in Four Cities

. Home a . - . . Floor |Number of Incense Indoor/

City D Type Site Description Location |Elevation Area (m?)| Residents Fuel Type Burning Smoker| Outdoor
Temperature

HK-01] A [Near road with medium traffic flow Urban 19/F 10 2 No No No 22.0/19.0

HK-02] B |Near road with low traffic flow Urban 7/F 60 6 LPG No No 21.6/25.4

HK-03] A [Near road with medium traffic flow Urban 2/F 30 6 No No No 22.0/25.5

HK-04] A [Near road with medium traffic flow, restaurant nearby|Urban 3/F 13 2 No No No 22.0/20.3

HK-05] C [Near main road with heavy traffic flow Urban 6/F 30 2 LPG Yes No 21.6/19.1

HK-06] B [Near main road with heavy traffic flow Urban 15/F 100 4 LPG No 1b 21.8/21.2

HK-07] B |Near road with low traffic flow Urban 18/F 70 4 LPG No No 22.1/19.7

HK-08] C [Near road with medium traffic flow Urban 10/F 45 3 Electricity| No 1° 22.5/20.9

HK-09] B [Near road with medium traffic flow Urban 16/F 53 2 LPG No No 21.5/18.8

Hong |HK-10] B |Near road with medium traffic flow Urban 23/F 35 4 LPG No No 23.4/20.2

Kong |HK-11] C |Near road with medium traffic flow Urban 26/F 50 2 LPG No 1° 20.0/17.2

HK-12| N/A |Near road with low traffic flow Urban 2/F 50 3 No No 1° 24.4/20.9

HK-13] B [Near main road with heavy traffic flow Urban 15/F 30 1 LPG No No 24.0/19.6

HK-14| B |Near road with low traffic flow Urban 15/F 70 3 LPG No No 21.6/15.7

HK-15] C [Near main road with heavy traffic flow Urban 4/F 70 3 LPG No 3 26.4/18.4

HK-16] B [Near road with medium traffic flow Urban 15/F 70 3 LPG No No 19.1/13.4

HK-17| B |Residential area, far from the main road Suburban |6/F 150 4 LPG No No 20.9/18.1

HK-18| B |Residential area, far from the main road Suburban |18/F 65 3 LPG No No 21.7/18.5

HK-19] B |Residential area, far from the main road Urban 25/F 50 2 LPG No No 22.1/18.6

HK-20] B |Residential area, far from the main road Suburban |22/F 50 5 LPG No No 21.7/16.9

GZ-01| B |Residential area, far from the main road Urban 13/F 120 4 NG No No 19.5/16.6

GZ-02| C |Near road with low traffic flow Urban 21/F 75 3 LPG No 1° 23.8/19.0

GZ-03] C  |Near road with low traffic flow Urban 10/F 97 3 NG Yes 1° 16.8/15.3

Guangzhou|GZ-04| B |Near road with low traffic flow Suburban |28/F 120 3 LPG No No 22.3/16.1

GZ-05| B |Near main road with heavy traffic flow Suburban |4/F 130 3 NG No 1b 16.8/15.4

GZ-06] B |Near road with low traffic flow Suburban |5/F 130 3 LPG No No 23.8/20.2

GZ-07| C  |Near main road with heavy traffic flow Urban 28/F 50 3 LPG Yes No 22.1/17.2

SH-01| B |Residential area, far from the main road Suburban |6/F 90 4 LPG No No N/A/9.8

SH-02| C |Residential area, far from the main road Suburban |1/F 90 7 LPG No 2° N/A/9.2

Shanghai |[SH-03| B |Near road with medium traffic flow Suburban |9/F 80 3 LPG No No 15.9/11.8

SH-04| B |Residential area, far from the main road (industrial)  |Suburban |12/F 50 4 LPG No No 17.8/12.6

SH-05| N/A |Residential area, far from the main road (industrial)  |Suburban |17/F 50 1 No No 1° 13.1/8.1




SH-06| A |Residential area, far from the main road (industrial) Suburban |17/F 50 1 No No 1° 17.4/9.0
SH-07| B |Near road with medium traffic flow Suburban |20/F 50 1 No No No 17.1/10.1
SH-08| B |Near road with light traffic flow Suburban |3/F 90 3 LPG No No 12.7/6.0
SH-09| A |Near road with light traffic flow Suburban |5/F 120 3 LPG No No 8.8/6.3
SH-10| B |Residential area, far from the main road Urban 4/F 120 3 No No No 11.6/10.2
SH-11| C |Residential area, far from the main road Suburban |8/F 90 3 LPG No No 15.5/9.1
SH-12| B |Residential area, far from the main road Suburban |2/F 70 3 LPG No 1° 11.3/5.2
Shanghai |[SH-13| B |Near road with medium traffic flow (industrial) Suburban |2/F 90 3 LPG No No 14.4/8.7
SH-14| C  |Near road with medium traffic flow (industrial) Suburban |2/F 180 2 LPG No No 15.0/8.0
SH-15| B |Near main road with low traffic flow Rural 5/F 70 3 LPG No 1° 13.1/8.8
SH-16| C |Near main road with low traffic flow Rural 1/F 220 3 LPG No 1b 13.0/10.6
SH-17| B |Near main road with low traffic flow Rural 2/F 200 3 LPG No 1° 11.8/11.0
SH-18| C  |Near main road with low medium flow Rural 1/F 220 5 LPG No No 13.8/12.2
SH-19] C |Near main road with low traffic flow Rural 1/F 190 1 LPG No 2° 17.9/13.1
SH-20| C |Near main road with medium traffic flow Urban 1/F 220 3 LPG No 1° 18.4/20.1
XA-01] B |Near road with medium traffic flow Suburban |1/F 120 5 NG No No 24.9/10.5
XA-02| C |Near road with heavy traffic flow Suburban |26/F 80 2 LPG No 1° 12.3/2.7
XA-03] B |Residential area with low traffic flow Suburban |6/F 100 3 NG No No 20.3/7.4
XA-04] B |Residential area with low traffic flow Suburban |18/F 76 3 LPG No No 19.1/4.0
XA-05] C |Near road with heavy traffic flow (industrial) Suburban |23/F 80 5 NG No 1° 20.1/3.1
XA-06] B |Near road with medium traffic flow Suburban |4/F 100 4 Electricity] No No 14.3/3.3
XA-07] B |Near road with heavy traffic flow Urban 23/F 110 2 LPG No No 18.7/0.7
XA-08] C |Residential area with low traffic flow Suburban |5/F 50 3 LPG No 1° 17.6/1.9
XA-09] C |Residential area with low traffic flow (industrial) Suburban |24/F 130 3 NG No 1° 19.1/1.1
XA-10{ B |Near road with medium traffic flow Urban 5/F 60 2 NG No No 19.1/9.8
Xi’an |XA-11| B |Near road with heavy traffic flow (industrial) Suburban |4/F 60 2 LPG No No 15.6/10.8
XA-12| B |Near road with heavy traffic flow Suburban |2/F 90 2 NG No No 14.3/4.4
XA-13| C |Near road with heavy traffic flow Suburban |3/F 100 2 LPG No 1° 21.7/6.4
XA-14] C |Near road with medium traffic flow (industrial) Suburban |8/F 90 3 LPG No 1° 20.5/8.5
XA-15] B |Near road with medium traffic flow (industrial) Suburban |6/F 90 3 LPG No No 17.6/7.3
XA-16] B |Residential area with low traffic flow Suburban |2/F 80 2 LPG No No 16.1/10.1
XA-17| B |Near road with heavy traffic flow Urban 5/F 80 4 NG No No 20.1/9.2
XA-18| C |Residential area with low traffic flow (industrial) Suburban |5/F 120 3 NG No 2° 20.1/5.5
XA-19] C |Near road with medium traffic flow (industrial) Suburban |8/F 110 2 NG No 1° 23.719.4
XA-20] B |Residential area with low traffic flow (industrial) Suburban |1/F 90 2 NG No No 18.9/9.8
XA-21| B |Residential area with low traffic flow (industrial) Suburban |4/F 150 2 NG No No 19.8/10.3




Note:

LPG: Liquified Petroleum Gas
NG: Natural Gas
& A for no specific combustion activities, B for with only cooking activities, C for with cooking and other indoor combustion activities such
as tobacco smoking and incense burning
®: Smoker smoking outside the room
¢: Smoker smoking inside the room
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Fig. S1. Locations of residential homes and nearby air quality monitoring stations in (a) Hong Kong,
(b) Guangzhou, (c) Shanghai and, (d) Xi’an.
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