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Abstract
Purpose Indoor and outdoor factors affect personal exposure to air pollutants. Type of cooking appliance (i.e. gas, electricity),
and residential location related to traffic are such factors. This research aims to investigate the effect of cooking with gas and
electric appliances, as an indoor source of aerosols, and residential traffic as outdoor sources, on personal exposures to particulate
matter with an aerodynamic diameter lower than 2.5 μm (PM2.5), black carbon (BC), and ultrafine particles (UFP).
Methods Forty subjects were sampled for four consecutive days measuring personal exposures to three aerosol pollutants, namely
PM2.5, BC, and UFP, which were measured using personal sensors. Subjects were equally distributed into four categories according
to the use of gas or electric stoves for cooking, and to residential traffic (i.e. houses located near or away from busy roads).
Results/conclusion Cooking was identified as an indoor activity affecting exposure to aerosols, with mean concentrations during
cooking ranging 24.7–50.0 μg/m3 (PM2.5), 1.8–4.9 μg/m3 (BC), and 1.4 × 104–4.1 × 104 particles/cm3 (UFP). This study also
suggest that traffic is a dominant source of exposure to BC, since people living near busy roads are exposed to higher BC
concentrations than those living further away from traffic. In contrast, the contribution of indoor sources to personal exposure to
PM2.5 and UFP seems to be greater than from outdoor traffic sources. This is probably related to a combination of the type of
building construction and a varying range of activities conducted indoors. It is recommended to ensure a good ventilation during
cooking to minimize exposure to cooking aerosols.

Keywords Personal exposure . Airborne pollutants . Particulate matter (PM2.5) . Black carbon (BC) . Ultrafine particles (UFP) .

Indoor/outdoor exposure

Introduction

People who live on busy roads are more likely to suffer adverse
health effects [1, 2]. A study by Carey et al. (2016) in London
suggested that people living on or close to busy roads may in-
crease the risk of exacerbating health problems related to heart
failure and pneumonia at short-term exposure [3]. Living close to

traffic roadside has also been related to an increased risk of de-
mentia [4, 5] and cognitive decline [6–8], slower rate of cognitive
development [9], structural changes in the brain [10, 11], neuro-
toxicity [12] and neurobehavioural problems in children such as
autism spectrum disorders [13]. Recently, short term exposure to
PM2.5 has been linked to short term cognitive decline [14].
Evidence also suggests a contribution of exposure to air pollution
to the risk of developing cardiometabolic syndrome [15]. Indoor
sources might also contribute to ill health. Jarvis et al., (1996)
mentioned that people who use gas stoves, as opposed to electric,
at home experience more respiratory-related health problems
[16]. Likewise, other studies have also found associations be-
tween exposure to indoor air pollution and respiratory health
effects [17–24]. Indoor exposures, mainly associated with tobac-
co smoke, have also been related to increased risk of lung cancer
[25]. Moreover, epidemiological evidence suggests that the as-
sociations between adverse health effects and black carbon (BC)
exposure (a carbonaceous component of particulate mat-
ter emitted during incomplete combustion) are stronger
than for PM2.5 [26, 27].
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Outdoor air and residential traffic are important contribu-
tors to exposure to air pollution. In addition, there are multiple
indoor sources that contribute to air pollution exposure [28].
Cooking is an important source contributing to indoor air and
personal exposure [29]. A study by He et al. (2004) found that
indoor ultrafine particle (UFP) (particles with an aerodynamic
diameter of 100 nm or less) concentrations can be elevated by
up to 5 times due to activities related to cooking, including
frying, grilling, stove use, toasting. Other activities contribut-
ing to indoor sources include fan heaters and candles [30].
Particulate matter with aerodynamic diameter less than
2.5 μm (PM2.5) concentrations can be higher than background
levels by up to 3, 30, and 90 times due to smoking, frying and
grilling respectively [30]. Géhin et al. (2008) found the
highest emissions concentrations when cooking meat or fish
whether in stove or in oven [31]. Other cooking related activ-
ities also affect the PM2.5 concentrations at home, including
baking, broiling, basting and roasting, which can affect human
health and can lead to morbidity and mortality [32].

Since people spend the majority of their time in indoors at
home, it is expected that indoor sources, including cooking,
pet dander, environmental tobacco smoke (ETS), burning of
candles and incense sticks, as well as the use of household
cleaning agents would contribute to the exposure to various
components of particulate matter, such as UFP, PM2.5 and BC
[32]. This is in addition to pollutants that originate from out-
door sources, which penetrate or infiltrate into the house [33].
Elevated concentrations of air pollutants can remain indoors
even after indoor activities have concluded. This is relevant
for particles emitted during cooking (which is a major indoor
source), ETS, and those from incense stick burning, where the
airborne particles from tobacco smoke and incense stick burn-
ing remain for longer than particles from cooking [34]. For
instance, Hussein et al.’s (2006) study found that fine particles
emitted from smoking one cigarette are equal to the amount of
particles produced during approximately half an hour of
cooking, and that airborne particles from tobacco may remain
up to ten hours.

Studies assessing personal exposure to a large range of
aerosols metrics concurrently are still scarce. Many of the
studies assessing personal exposures have focused on measur-
ing one or two aerosol metrics [35–39], but studies reporting
BC, PM2.5 and UFP concurrently are very limited [40, 41]. In
addition, a comparative assessment of the influence of indoor
and outdoor sources on the personal exposure to particulate
matter is also very limited [42–46].

This research assesses the effect of indoor and outdoor
sources on personal exposure to different aerosol size fractions
(UFP and PM2.5) and constituents (BC) during time spent in a
residential indoor microenvironment (i.e. the home), in-
cluding active and sleeping times. The main indoor
source considered is cooking with different types of
appliances (gas compared with electricity). The outdoor

source considered is residential traffic (i.e. living near a
busy road). This work presents valuable information re-
lated to aerosol exposures for epidemiological studies.

Methods

Subject’s recruitment and related information

The criteria for the recruitment of subjects was that they were
healthy, non-smoking, non-occupationally exposed adults.
Pregnant and nursing women were excluded to take part in
the study in compliance with EPA’s regulations regarding
protection of vulnerable groups in 40 Code of Federal
Regulation Part 26. Details of the recruitment process can be
found in the supporting information and in Delgado-Saborit
et al. (2018) [47].

Forty subjects were recruited (24 females and 16 males),
and grouped in four categories according to two criteria:
Residential traffic exposure, i.e. location of home with refer-
ence to traffic (traffic roadside/ non-traffic roadside), and type
of cooking appliance stove hob (Gas/Electricity). Location of
homes on A & B roads were selected as traffic roadsides
homes. Ten subjects were assigned to each group as summa-
rized in Table S1 (Supplementary Material).

Sampling was conducted in Birmingham (UK) from 6
December 2014 to 25 March 2016. Each subject was sampled
for 24 h, for four consecutive days.

Each subject was given a folder including a set of forms to
be filled during their sampling. The forms were designed
based on previous studies [48, 49] and are available at
Delgado-Saborit et al. (2018) [47]. The forms collected infor-
mation on all activities done by the subject (Activity Diary);
recorded and described all locations visited outdoors or in
transit (Location sheet for in transit locations); and indoors
(Location sheet for static locations); provided information
about smoking if subjects had been exposed to second hand
smoke (ETS questionnaire); as well as describing activities
that may have affected or produced pollutants (Sampling
questionnaire). The detailed list of forms and instructions giv-
en to the subjects can be found in the Supplementary
Information.

Instruments and equipment

Personal exposure (PE) of particulate matter (PM2.5), black
carbon (BC), and ultrafine particles (UFP) were collected for
forty subjects by using MicroPEM™ v 2.7 personal monitor
for PM2.5, MicroAeth™ model AE51 personal monitor for
BC, and portable sensor Testo DiSCmini for UFP.

The MicroPEM™ measures PM2.5 particles in real time
using a nephelometric optical bench. In addition, it collects
particles downstream the nephelometer using an integrated
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Teflon filter (25 mm) allowing for gravimetric measurement.
The MicroAeth™ model AE51 personal monitor provides
real time BC analysis by measuring the rate of change in
absorption of transmitted light due to continuous collection
of air sample deposits on a Teflon coated glass fiber filter strip.
The Testo DISCmini sensor detects UFP based on electrical
charging of the aerosols. It measures particle sizes ranging
from 10 to approximately 700 nm, and measures UFP counts
with a diameter below 300 nm.

Detailed information on the three sensors is provided in the
supplementary material. Subjects were given a voice recorder
to record their daily activities, microenvironments visited and
times thus facilitating filling the forms.

Sampling and data collection

All sensors used were already validated prior to personal ex-
posure sampling (Delgado-Saborit et al., 2018) [47].
Measurements were collected with time resolution according
to each sensor: for the MicroAeth™ which measures BC, a 5-
min time interval; for the microPEM which measures PM2.5,
10 s; and for the DiSCmini sensor which measures UFP, a 1 s
time interval. The timescales were then integrated to time
intervals of 5 min (for PM2.5 and UFP), 1 h, and 24 h for all
pollutants and data was post-processed to correct for any volt-
age changes, or flow variations as described in detail in the
supporting information.

Data analysis

Minitab statistical software version 17.1.0 was used to test the
normality of the BC, PM2.5 and UFP. According to the nor-
mality results, non-parametric Mann-Whitney tests were ap-
plied to conduct a comparative analysis of personal exposures
(5% significance level) to test a) whether personal exposure
while cooking with a gas stove is higher than cooking with an
electrical stove; and b) whether personal exposure to pollut-
ants while spending time in houses located near busy roads is
higher than time at houses located near quiet roads.

To compare the emission of aerosols during cooking
according to cooking source, the following datasets
were compared:

& A. Personal exposure in houses using gas stoves (G) com-
pared to houses using electric stoves (E) for subjects living
in houses located in busy roads (TR).

& B. Personal exposure in houses using gas stoves (G) com-
pared to houses using electric stoves (E) for subjects living
in houses located in quiet roads (NTR).

These analyses were conducted in the subset of data
representing two specific time frames: times where subject
reported to be at home, and times where cooking took place.

To assess the effect of traffic as an indoor source of aerosol,
the following datasets were compared:

& C. Personal exposure in houses located near busy roads
(TR) compared to houses located in quiet roads (NTR) for
subjects living in houses that use gas stove (G) for
cooking.

& D. Personal exposure in houses located in busy roads (TR)
compared to houses located away from traffic roads
(NTR) for subjects living in houses that use electric stove
for cooking.

These analyses were conducted in the subset of data
representing two specific time frames: times where subject
reported to be at home, and times at home where no indoor
activity is likely to emit aerosols, i.e. sleeping time.

Results

Statistical and descriptive results

Statistical analysis for normality indicates all the results from
BC, PM2.5, and UFP are not normally distributed, hence non-
parametric Mann-Whitney (M-W) tests were applied to inves-
tigate differences between groups.

The general characteristics of the study population can be
found in Table 1. Only one subject was exposed to environ-
mental tobacco smoke (ETS) during the sampling campaign,
and this subject had only one exposure to ETS during this
period. Figures 1, 2 and 3 illustrate the distribution of UFP,
BC and PM2.5 personal exposure for those subjects cooking
with gas or electric hobs (Figs. S1-S3 display personal expo-
sure distribution with full-scale axis). Likewise, Figs. 4, 5 and
6 illustrate the distribution of UFP, BC and PM2.5 personal
exposure for those subjects living in houses located near or
away from residential traffic (Figs. S4-S6 display personal
exposure distribution with full-scale axis). Table 2 summa-
rizes the results for each pollutant, from the key determinants
and activities.

Personal exposure during cooking

Personal exposure to BC during cooking was slightly higher
for those subjects using electric stove than using gas stove
(mean, standard deviation, G-TR: 3.1 μg/m3, 8.3), (E-TR:
4.9 μg/m3, 7.7), (G-NTR: 1.8 μg/m3, 2.3), (E-NTR: 2.3 μg/
m3, 3.2). This result was irrespective of the location of the
house near or far from traffic.

In houses located near busy roads, no difference was ob-
served for mean personal exposure to PM2.5 during cooking
using electric and using gas stoves (p value: 0.587), but the
median is marginally higher for those subjects using electric
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stoves (P value: 0.000). However, in houses located away
from busy roads, the mean personal exposure to PM2.5 during
cooking is higher for those subjects using gas stove (50.0 μg/
m3, 130) than using electric stove (24.7 μg/m3, 64.4).

Personal exposure to UFP during cooking in houses
located near busy roads is similar to personal exposure
to UFP in houses using gas or electric stoves (p value:
0.101), but the median is higher for subjects cooking
using electric stove than using gas stove (p value:
0.0005). However, in houses located away from busy
roads, the mean for personal exposure during cooking
using gas stove (40,711 particles/cm3, 54,776), is higher
than using electric stove (14,812 particles/cm3, 29,121).

Personal exposure during time spent at home

Personal exposure to BC during time spent at houses located
near busy roads using electric stove (2.9 μg/m3, 14.9) was
statistically higher (p value <0.05) than using gas stove
(1.9 μg/m3, 2.5). However, in houses located away from busy
roads, no difference was observed in PE between houses fitted
with electric or gas stoves (p value: 0.472), but the median PE

is higher for those subjects using electric stove than using gas
stove (p value: 0.0327). Personal exposure during time spent
at houses located near busy roads was statistically higher (p
value <0.05) than the ones located away from busy roads for
both using gas or electric stoves (TR-G:1.9 μg/m3, 2.5),
(NTR-G: 1.4 μg/m3, 3.4), (TR-E: 2.7 μg/m3, 14.9), (NTR-E:
1.4 μg/m3, 2.2).

Personal exposure to PM2.5 during time spent at houses
located near busy roads using gas stove (10.6 μg/m3, 53.6),
is statistically higher (p value <0.05) than using electric stove
(8.5 μg/m3, 14.5). However, in houses located away from
busy roads, using electric stove (16.0 μg/m3, 101), is higher
than using gas stove (13.0 μg/m3, 23.3), but the median is
slightly higher for using gas stove than using electric stove
(p value: 0.000). Personal exposure during time spent at hous-
es located away from busy roads is higher than houses located
in busy roads in both houses using gas or electric stoves (TR-
G: 10.6 μg/m3, 53.6), (NTR-G: 13.0 μg/m3, 23.3), (TR-E:
8.5 μg/m3, 14.5), (NTR-E: 16.0 μg/m3, 101).

Personal exposure to UFP during time spent at houses lo-
cated near busy roads is the same when using gas or electric
stoves (p value: 0.241), but the median is higher for subjects
using electric stove than using gas stove (p value: 0.0000).
This is the same for houses located away from busy roads,
where personal exposure using gas or electric stove is the
same (p value: 0.379), but median is higher for using electric
stove (p value: 0.0000). Personal exposure during time spent
in houses located away from busy roads is higher than houses
located in busy roads, in both houses using gas or electric
stoves (TR-G: 4,301 particles/cm3, 14,608), (NTR-G: 5,406
particles/cm3, 13,758), (TR-E: 4,634 particles/cm3, 11,120),
(NTR-E: 5,680 particles/cm3, 15,814).

Personal exposure at home without indoor activities (i.e.
sleeping)

Personal exposure to BC whilst sleeping in houses located near
busy roads is higher than personal exposure of subjects located
away from busy roads independent of the type of appliance used
for cooking (TR-G: 1.7 μg/m3, 1.8), (NTR-G: 1.4 μg/m3, 3.5),
(TR-E: 2.5 μg/m3, 4.3), (NTR-E: 1.3 μg/m3, 2.0).

Personal exposure to PM2.5 whilst sleeping in houses lo-
cated away from busy roads is higher than for those subjects
sleeping in houses located near busy roads in houses using
electric and gas stoves (TR-G: 7.0 μg/m3, 12.0),
(NTR-G: 12.2 μg/m3, 15.5), (TR-E: 7.5 μg/m3, 11.9),
(NTR-E: 9.8 μg/m3, 30.9).

No difference was observed in personal exposure to UFP
whilst sleeping in houses located near or away from busy
roads, nor for houses using gas (p value: 0.075), or electric
stove (p value: 0.470). But the median UFP PE is higher for
subjects living in houses located near quiet roads, irrespective
of the type of cooking appliance.

Table 1 Characteristics of subjects participating in the study

Characteristic Description Number of cases %

Gender Male 16 40

Female 24 60

Age range 18–25 17 42.5

26–35 14 35

36–45 4 10

46–55 1 2.5

56–65 3 7.5

>66 1 2.5

Ethnicity White 22 55

Asian 10 25

Black 6 15

Other ethnicities 2 5

Occupation Student 23 57.5

Researcher 5 12.5

Office worker 6 15

Retired 4 10

Others 2 5

Tobacco user Yes 0 0

No 40 100

ETS Exposure at home Yes 4 10

No 36 90

ETS Exposure at workplace Yes 3 7.5

No 35 87.5

N/A 2 5
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Discussion

This research aims at comparatively assessing the effect of
cooking with gas and electric appliances as a source of indoor
exposure, and living near busy roads as a source of outdoor
pollution contributing to personal exposure. The effect was
assessed at three key time periods, including time spent
sleeping where no indoor sources are likely present (i.e.
sleeping); time spent cooking when the indoor source of in-
terest is active, and overall time spent at home.

Effect of cooking on personal exposures

The highest personal exposure concentrations experienced by the
subjects participating in this study whilst staying indoors were
measured when the participants were cooking. The highest

increase was observed for concentrations of UFP, raising 2.5 to
15 fold the concentrations measured during time spent at home.

Concentrations of PM2.5 measured in this study are within
the range of those reported in Australia and Italy [30, 50] and
lower than those reported in Singapore and Hong Kong [51,
52]. Concentrations of UFP are similar to those reported
cooking dinner in USA [53], cooking with oven and micro-
wave in Australia [30], and cooking in Singapore [51], but
lower than concen t ra t ions measured in Prague
(Czech Republic) [54]. Concentrations of BC are higher than
those reported by subjects cooking in an earlier study in
Birmingham [48].

Findings from time spent at home are inconsistent with the
hypothesis that personal exposure while cookingwith a gas stove
is higher than cooking with an electrical stove. The results of the
present study show that BC concentrations during time spent at

Fig. 1 UFP personal exposure concentrations (5-min time average) dur-
ing cooking, and time spent at home, in houses located either near (dark
colour) or away from busy roads (light colour), using either gas (cadet

blue/light blue) or electric (dark pink/light pink) stove. The pollutant
measurement distributions are non-normal (see main text) and axis are
truncated. Full axis boxplots can be found in Fig. S1

Fig. 2 BC personal exposure concentrations (5-min time average) during
cooking, and time spent at home, in houses located either near (dark
colour) or away from busy roads (light colour), using either gas (cadet

blue/light blue) or electric (dark pink/light pink) stove. The pollutant
measurement distributions are non-normal (see main text) and axis are
truncated. Full axis boxplots can be found in Fig. S2
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home using electric stove are higher than using gas stove.
Table 2 also shows that PM2.5 concentrations are higher
for subjects using electric cooking appliances than sub-
jects using gas appliances in houses located near busy
roads. This could be related to the fact that many of the
subjects within this category were students living in stu-
dent hall residences and were exposed to higher concen-
trations from the student kitchens, which contain several
hobs, than otherwise would be experienced in the kitchen
of a household of the general population. On the contrary,
subjects cooking with gas in houses located near quiet
roads experience a larger distribution of PM2.5 personal
exposure concentrations compared to subjects cooking
with electric appliances in houses located near quiet
roads. A similar pattern was observed for UFP, with

higher concentrations for subjects living in traffic road-
sides and cooking with electricity, and higher concen-
trations for subjects living in homes away from traffic
and cooking with gas.

The results suggest that gas and electric appliances give rise
to different amounts of indoor pollutants. Electric appliances
have been related with higher concentrations of BC during
cooking, whereas gas appliances have been associated with
higher concentrations of UFP and PM2.5 during cooking. In
addition to the effect of cooking appliance, and the biased
effect caused by participating subjects residing in halls of res-
idence, other factors such as cooking method, and products
cooked could affect the results obtained in this study.
According to Abdullahi et al. (2013), among the factors af-
fecting cooking aerosol concentration and composition are the

Fig. 3 PM2.5 personal exposure concentrations (5-min time average) dur-
ing cooking, and time spent at home, in houses located either near (dark
colour) or away from busy roads (light colour), using either gas (cadet

blue/light blue) or electric (dark pink/light pink) stove. The pollutant
measurement distributions are non-normal (see main text) and axis are
truncated. Full axis boxplots can be found in Fig. S3

Fig. 4 UFP personal exposure concentrations (5-min time average) dur-
ing sleeping, and time spent at home, in houses located either near (dark
colour) or away (light colour) from busy roads, using either gas (cadet

blue/light blue) or electric (dark pink/light pink) stove. The pollutant
measurement distributions are non-normal (see main text) and axis are
truncated. Full axis boxplots can be found in Fig. S4
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combustion process, the type of cooking oil, cooking temper-
ature and style, raw food composition and the splashing in-
curred by stirring food, which has also been proven to gener-
ate considerable amounts of aerosols. UFP and PM2.5 can be
formed and emitted into the atmosphere through a combustion
process which occurs during cooking, and UFP numbers and
PM2.5 can rise due to cooking fumes containing hot vapors,
which subsequently cool and nucleate [29]. However, detailed
information on these factors affecting cooking emissions be-
yond type of cooking appliance was not available in the study
and hence could not be considered in the analysis. In addition
to cooking factors, other indoor sources such as the use of
household cleaning agents, using candles, ETS etc. which
can remain indoors for a longer time might have an effect on
the PE of subjects indoors.

Effect of residential traffic on personal exposures

Concentrations of PM2.5 and UFP measured in this study are to-
wards the lower range of personal exposures reported in the litera-
ture and reviewed byMorawska et al. (2013), which ranged 10.6
to 54 μg/m3 for PM2.5 and 5.3 × 103 to 3.5 × 104 parti-
cles/cm3 for UFP [55]. Concentrations of BC are similar
to those reported in Birmingham (UK) [48] and Seoul
(Korea) [56].

Results from the analysis focused on time spent at
home are varied with respect the second hypothesis,
i.e. that personal exposure to pollutants while spending
time in houses located near busy roads is higher than
exposure during time spent at houses located near quiet
roads. Only the BC results support the hypothesis, since

Fig. 5 BC personal exposure concentrations (5-min time average) during
sleeping, and time spent at home, in houses located either near (dark
colour) or away (light colour) from busy roads, using either gas (cadet

blue/light blue) or electric (dark pink/light pink) stove. The pollutant
measurement distributions are non-normal (see main text) and axis are
truncated. Full axis boxplots can be found in Fig. S5

Fig. 6 PM2.5 personal exposure concentrations (5-min time average) dur-
ing sleeping, and time spent at home, in houses located either near (dark
colour) or away (light colour) from busy roads, using either gas (cadet

blue/light blue) or electric (dark pink/light pink) stove. The pollutant
measurement distributions are non-normal (see main text) and axis are
truncated. Full axis boxplots can be found in Fig. S6
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BC personal exposure is found to be higher during time
spent in houses located near busy roads both using gas
or electric stoves. But for both PM2.5 and UFP, the
results show that concentrations were higher for those
subjects spending time at home in houses located near

quiet roads, with independent of the type of cooking
appliance.

A study by Yang et al., 2018 calculated and compared both
indoor and outdoor concentrations of PM2.5 and found that
factors associated with indoor and outdoor air exchange such

Table 2 Contribution of cooking, time spent at home, and sleeping in houses located either near (TR) or away from busy roads (NTR), using either gas
(G) or electric stove (E), on personal exposure, at 5-min time interval

Group Activity Pollutant Key determinant Median Mann-
Whitney
test p value/

Number of
observations(a)

G vs E – TR Cooking BC (μg/m3) G 1.5 0.000 464
E 2.8 341

PM2.5 (μg/m
3) G 6.1 0.000 435

E 10.2 325
UFP (particles/cm3) G 3674.1 0.0005 256

E 6829.8 195
Time spent at home BC (μg/m3) G 1.4 0.000 8376

E 1.5 7942
PM2.5 (μg/m

3) G 6.0 0.0571 7805
E 5.8 7526

UFP (particles/cm3) G 1445.3 0.0000 4675
E 1801.7 3545

G vs E – NTR Cooking BC (μg/m3) G 0.9 0.0028 377
E 1.4 658

PM2.5 (μg/m
3) G 8.7 0.0019 367

E 8.8 594
UFP (particles/cm3) G 17,439 0.0000 232

E 3184 370
Time spent at home BC (μg/m3) G 0.7 0.0327 6886

E 0.7 8142
PM2.5 (μg/m

3) G 6.4 0.0000 6389
E 6.3 7052

UFP (particles/cm3) G 1904.9 0.0000 4431
E 2283.2 4596

TR vs NTR – G Sleeping BC (μg/m3) TR 1.3 0.000 5174
NTR 0.6 4374

PM2.5 (μg/m
3) TR 5.8 0.0000 4874

NTR 6.1 4097
UFP (particles/cm3) TR 1209.5 0.0000 2790

NTR 1407.6 2672
Time spent at home BC (μg/m3) TR 1.4 0.000 8376

NTR 0.7 6886
PM2.5 (μg/m

3) TR 6.0 0.0000 7805
NTR 6.4 6389

UFP (particles/cm3) TR 1445.3 0.0000 4675
NTR 1904.9 4431

TR vs NTR – E Sleeping BC (μg/m3) TR 1.2 0.000 5236
NTR 0.7 5011

PM2.5 (μg/m
3) TR 5.4 0.0000 5026

NTR 6.2 4315
UFP (particles/cm3) TR 1558.6 0.0000 2448

NTR 1854.4 2357
Time spent at home BC (μg/m3) TR 1.5 0.000 7942

NTR 0.7 8142
PM2.5 (μg/m

3) TR 5.8 0.0000 7526
NTR 6.3 7052

UFP (particles/cm3) TR 1801.7 0.0000 3545
NTR 2283.2 4596

(a) N: number of 5-min measurements
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as meteorological variables, building age, window ventilation
and air conditioner use affected the contribution of outdoor
aerosol indoors. In their study, indoor PM2.5 was seen to come
from outdoor sources in the main, although indoor sources
also were found to be a noticeable contributory factor [57].

Vu et al. (2017) studied the factors affecting penetration and
infiltration of nanoparticles (i.e. UFP) from outdoor origin in-
doors and found that coagulation and evaporation processeswere
significant processed contributing to the loss of traffic nanopar-
ticles indoors [58]. The results of Vu’s study are con-
sistent with the current results for UFP showing a
smaller contribution from outdoor traffic to personal ex-
posure than from indoor sources.

Likewise, the findings from the analyses focused on the
sleeping time support only the hypothesis for BC, where higher
BC concentrations were measured for those subjects sleeping in
houses located in busy roads, irrespective of the type of cooking
appliance used at home. By contrast, PM2.5 and UFP concentra-
tions were found to be higher during sleeping time in houses
located away from busy roads, irrespective of the type of cooking
appliance.

Overall, the results suggest that BC exposures are
strongly influenced by residential traffic, since BC is a
tracer of diesel exhaust and those subjects residing near-
by traffic have higher BC PE than those living in hous-
es located away from busy roads. On the contrary, for
the participants of this study, our results suggest that
their PM2.5 and UFP personal exposures seem to be
predominantly affected by pollutants of indoor origin,
with a smaller effect on exposures from pollutants that
can penetrate and infiltrate inside houses from outdoor
sources like traffic. This could be associated to two
factors. Firstly, the student halls where most of the par-
ticipants living in traffic roadsides reside are brand new
constructions with building materials that conform to
modern standards for energy efficiency; hence are
tighter buildings reducing the penetration and infiltration
from outdoor air indoors. Secondly, the range of activ-
ities conducted in the student rooms where the partici-
pants would spent most of their time is limited and
these activities are low-emitting sources of aerosols
(e.g. studying, watching TV/internet programs,
sleeping). On the other hand, most of the participants
living in homes away from traffic were residing in older
construction building with the full range of indoor ac-
tivities expected from students, professionals and fami-
lies with children, and hence a wider variety of low and
high emitting sources of aerosols. Therefore, the pattern
of indoor sources of airborne pollutants is not compara-
ble in both groups, neither is comparable the penetration
and efficiency of outdoor pollutants in both groups.
These differential characteristics among groups has like-
ly affected the comparability of the results obtained.

Study limitations and strengths

One of the main limitations of this study was the difficulty in
recruiting a group of participants living in homes located in
traffic roadsides comparable to the group of participants living
in homes located far away from traffic. As discussed above,
the age of the house may have affected the air tightness of the
building and the filtration/penetration efficiency of outdoor
pollutants indoors. The age of the subjects was also not com-
parable between groups living in traffic and background hous-
es, influencing the type of activities conducted indoors and
their potential as aerosol sources (e.g. more microwave
cooking). The different characteristics of the participants in
the residential and non residential traffic groups might have
had an effect on the results obtained in this study and their
comparability with other studies. Therefore, caution is recom-
mended in extrapolating these results to other populations.

This study contributed useful evidence assessing personal
exposure to a large range of aerosols metrics concurrently,
which is a field of research where evidence is scarce.

Conclusion

This study has identified cooking as an indoor activity affect-
ing exposure to aerosols, namely PM2.5, BC and UFP.
Emissions of these aerosols will depend on the type of
cooking appliance, as identified in this study, and of other
factors reported in the literature summarized by Abdullahi
et al. (2013). Therefore, it is recommended to ensure a good
ventilation during cooking to minimize exposure to cooking
aerosols by using extractor fans or opening doors or windows
during cooking.

This study also suggest that traffic is a dominant source of
exposure to BC, since the results show that people residing in
houses located near busy roads are consistently exposed to
higher BC concentrations during time spent at their home than
subjects residing in houses away from traffic. In contrast,
PM2.5 and UFP indoor sources seem to be stronger contribu-
tors to personal exposures than outdoor sources related to
traffic for the participants of this study, which is likely due
to a combination of type of building construction and a vary-
ing range of activities conducted indoors. Further research
should focus on characterizing the chemical and toxicological
properties of aerosols indoors and compare these to the chem-
ical and toxicological signature of outdoor aerosols.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s40201-020-00604-7.

Acknowledgements The authors wish to thank all the participants in this
study. Dr. Delgado-Saborit thanks the HEI for awarding her the Walter
Rosenblith New Investigator Award. Dr. Delgado-Saborit is a recipient of
funds from the European Union’s Horizon 2020 research and innovation

J Environ Health Sci Engineer

https://doi.org/10.1007/s40201-020-00604-7


programme under the Marie Skłodowska-Curie grant agreement No
750531. Dr. Delgado-Saborit is a recipient of funds from Generalitat
Valenciana - Regional Ministry of Education, Research, Culture and
Sport under the Talented Researcher Support Programme - Plan GenT
(CIDEGENT/2019/064).

Authors’ contributions JMDS conceived this study and secured
funding. MS conducted the data collection and data analysis.
FDP and JMDS supervised the data analysis. MS, FDP, and
JMDS wrote the manuscript.

Funding information Research described in this article was conducted
under contract to the Health Effects Institute (HEI), an organization joint-
ly funded by the United States Environmental Protection Agency (EPA)
(Assistance Award No. R-82811201) and certain motor vehicle and en-
gine manufacturers. The contents of this article do not necessarily reflect
the views of HEI, or its sponsors, nor do they necessarily reflect the views
and policies of the EPA or motor vehicle and engine manufacturers.

Data availability Data can be made available upon request.

Compliance with ethical standards

Conflicts of interest/Competing interests There are no competing
interests.

Ethics approval This study was given ethical approval by the Institute of
Research and Development of the University of Birmingham (reference:
ERN_12–0568).

Consent to participate All participants in this study were given appro-
priate information on the study aims and objectives, sources of funding,
implications of their participation, data management and right to with-
drawn. All participants signed an informed consent to participate in the
study.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Hime NJ, Marks GB, Cowie CT. A Comparison of the Health
Effects of Ambient Particulate Matter Air Pollution from Five
Emission Sources. Int J Environ Res Public Health. 2018;15(6).
https://doi.org/10.3390/ijerph15061206.

2. Hoek G, Krishnan RM, Beelen R, Peters A, Ostro B, Brunekreef B,
et al. Long-term air pollution exposure and cardio- respiratory mor-
tality: a review. Environ Health. 2013;12. https://doi.org/10.1186/
1476-069x-12-43.

3. Carey IM, Anderson HR, Atkinson RW, Beevers S, Cook DG,
Dajnak D, et al. Traffic pollution and the incidence of

cardiorespiratory outcomes in an adult cohort in London. Occup
Environ Med. 2016;73(12):849. https://doi.org/10.1136/oemed-
2015-103531.

4. Chen H, Kwong JC, Copes R, Tu K, Villeneuve PJ, van Donkelaar
A, et al. Living near major roads and the incidence of dementia,
Parkinson's disease, and multiple sclerosis: a population-based co-
hort study. Lancet. 2017;389(10070):718–26. https://doi.org/10.
1016/s0140-6736(16)32399-6.

5. Jung CR, Lin YT, Hwang BF. Ozone, particulate matter, and newly
diagnosed Alzheimer's disease: a population-based cohort study in
Taiwan. J Alzheimers Dis. 2015;44(2):573–84. https://doi.org/10.
3233/jad-140855.

6. Ailshire JA, Crimmins EM. Fine particulate matter air pollution and
cognitive function among older US adults. Am J Epidemiol.
2014;180(4):359–66. https://doi.org/10.1093/aje/kwu155.

7. Cipriani G, Danti S, Carlesi C, Borin G. Danger in the air: air
pollution and cognitive dysfunction. Am J Alzheimers Dis
Dement. 2018;33(6):333–41. https: / /doi.org/10.1177/
1533317518777859.

8. Clifford A, Lang LD, Chen RL, Anstey KJ, Seaton A. Exposure to
air pollution and cognitive functioning across the life course - a
systematic literature review. Environ Res. 2016;147:383–98.

9. Suglia SF, Gryparis A, Wright RO, Schwartz J, Wright RJ.
Association of black carbon with cognition among children in a
prospective birth cohort study. Am J Epidemiol. 2008;167(3):
280–6. https://doi.org/10.1093/aje/kwm308.

10. Guxens M, Lubczynska MJ, Muetzel RL, Dalmau-Bueno A,
Jaddoe VWV, Hoek G, et al. Air pollution exposure during fetal
life, brain morphology, and cognitive function in school-age chil-
dren. Biol Psychiatry. 2018;84(4):295–303. https://doi.org/10.
1016/j.biopsych.2018.01.016.

11. Wilker EH, Preis SR, Beiser AS, Wolf PA, Au R, Kloog I, et al.
Long-term exposure to fine particulate matter, residential proximity
to major roads and measures of brain structure. Stroke. 2015;46(5):
1161–6. https://doi.org/10.1161/strokeaha.114.008348.

12. Calderon-Garciduenas L, Mora-Tiscareno A, Ontiveros E, Gomez-
Garza G, Barragan-Mejia G, Broadway J, et al. Air pollution, cog-
nitive deficits and brain abnormalities: a pilot study with children
and dogs. Brain Cogn. 2008;68(2):117–27. https://doi.org/10.1016/
j.bandc.2008.04.008.

13. Volk HE, Lurmann F, Penfold B, Hertz-Picciotto I, McConnell R.
Traffic-related air pollution, particulate matter, and autism. Jama
Psychiatry. 2013;70(1):71–7. https://doi.org/10.1001/
jamapsychiatry.2013.266.

14. Shehab MA, Pope FD. Effects of short-term exposure to particulate
matter air pollution on cognitive performance. Sci Rep. 2019;9(1):
8237. https://doi.org/10.1038/s41598-019-44561-0.

15. Ahmed CMS, Jiang HH, Chen JY, Lin YH. Traffic-Related
Particulate Matter and Cardiometabolic Syndrome: A Review.
Atmosphere. 2018;9(9). https://doi.org/10.3390/atmos9090336.

16. Jarvis D, Chinn S, Luczynska C, Burney P. Association of respira-
tory symptoms and lung function in young adults with use of do-
mestic gas appliances. Lancet. 1996;347(8999):426–31. https://doi.
org/10.1016/S0140-6736(96)90009-4.

17. Eckel SP, Zhang ZL, Habre R, Rappaport EB, Linn WS, Berhane
K, et al. Traffic-related air pollution and alveolar nitric oxide in
southern California children. Eur Respir J. 2016;47(5):1348–56.
https://doi.org/10.1183/13993003.01176-2015.

18. Ferrero A, Esplugues A, Estarlich M, Llop S, Cases A, Mantilla E,
et al. Infants' indoor and outdoor residential exposure to benzene
and respiratory health in a Spanish cohort. Environ Pollut.
2017;222:486–94. https://doi.org/10.1016/j.envpol.2016.11.065.

19. Franklin PJ. Indoor air quality and respiratory health of children.
Paediatr Respir Rev. 2007;8(4):281–6. https://doi.org/10.1016/j.
prrv.2007.08.007.

J Environ Health Sci Engineer

https://doi.org/
https://doi.org/10.3390/ijerph15061206
https://doi.org/10.1186/1476-069x-12-43
https://doi.org/10.1186/1476-069x-12-43
https://doi.org/10.1136/oemed-2015-103531
https://doi.org/10.1136/oemed-2015-103531
https://doi.org/10.1016/s0140-6736(16)32399-6
https://doi.org/10.1016/s0140-6736(16)32399-6
https://doi.org/10.3233/jad-140855
https://doi.org/10.3233/jad-140855
https://doi.org/10.1093/aje/kwu155
https://doi.org/10.1177/1533317518777859
https://doi.org/10.1177/1533317518777859
https://doi.org/10.1093/aje/kwm308
https://doi.org/10.1016/j.biopsych.2018.01.016
https://doi.org/10.1016/j.biopsych.2018.01.016
https://doi.org/10.1161/strokeaha.114.008348
https://doi.org/10.1016/j.bandc.2008.04.008
https://doi.org/10.1016/j.bandc.2008.04.008
https://doi.org/10.1001/jamapsychiatry.2013.266
https://doi.org/10.1001/jamapsychiatry.2013.266
https://doi.org/10.1038/s41598-019-44561-0
https://doi.org/10.3390/atmos9090336
https://doi.org/10.1016/S0140-6736(96)90009-4
https://doi.org/10.1016/S0140-6736(96)90009-4
https://doi.org/10.1183/13993003.01176-2015
https://doi.org/10.1016/j.envpol.2016.11.065
https://doi.org/10.1016/j.prrv.2007.08.007
https://doi.org/10.1016/j.prrv.2007.08.007


20. Heinrich J. Influence of indoor factors in dwellings on the develop-
ment of childhood asthma. Int J Hyg Environ Health. 2011;214(1):
3–27. https://doi.org/10.1016/j.ijheh.2010.08.009.

21. Isiugo K, Jandarov R, Cox J, Ryan P, Newman N, Grinshpun SA,
et al. Indoor particulate matter and lung function in children. Sci
Total Environ. 2019;663:408–17. https://doi.org/10.1016/j.
scitotenv.2019.01.309.

22. Koenig JQ, Mar TF, Allen RW, Jansen K, Lumley T, Sullivan JH,
et al. Pulmonary effects of indoor- and outdoor-generated particles
in children with asthma. Environ Health Perspect. 2005;113(4):
499–503. https://doi.org/10.1289/ehp.7511.

23. McCormack MC, Breysse PN, Matsui EC, Hansel NN,
Williams D, Curtin-Brosnan J, et al. In-home particle con-
centrations and childhood asthma morbidity. Environ Health
Perspect. 2009;117(2):294–8. https://doi.org/10.1289/ehp.
11770.

24. Mendes A, Papoila AL, Carreiro-Martins P, Bonassi S,
Caires I, Palmeiro T, et al. The impact of indoor air quality
and contaminants on respiratory health of older people liv-
ing in long-term care residences in Porto. Age Ageing.
2016;45(1):136–42. https://doi.org/10.1093/ageing/afv157.

25. Dales R, Liu L, Wheeler AJ, Gilbert NL. Quality of indoor residen-
tial air and health. Can Med Assoc J. 2008;179(2):147–52. https://
doi.org/10.1503/cmaj.070359.

26. Grahame T, Klemm S. Public health and components of particulate
matter: The changing assessment of black carbon. J Air Waste
Manage Assoc. 2014;64. https://doi.org/10.1080/10962247.2014.
912692.

27. Janssen N, Hoek G, Simic M, Fischer P, Bree L, ten Brink H, et al.
Black Carbon as an Additional Indicator of the Adverse Health
Effects of Airborne Particles Compared with PM10 and PM2.5.
Environ Health Perspect. 2011;119:1691–9. https://doi.org/10.
1289/ehp.1003369.

28. Delgado-Saborit J. Indoor air as a contributor to air pollution expo-
sure. In: HarrisonR,Hester R, editors. Indoor air pollution; issues in
environmental science and technology. Cambridge: The Royal
Society of Chemistry; 2019. p. 158–95.

29. Abdullahi KL, Delgado-Saborit JM, Harrison RM. Emissions and
indoor concentrations of particulate matter and its specific chemical
components from cooking: a review. Atmos Environ. 2013;71:
260–94. https://doi.org/10.1016/j.atmosenv.2013.01.061.

30. He C,Morawska L, Hitchins J, Gilbert D. Contribution from indoor
sources to particle number and mass concentrations in residential
houses. Atmos Environ. 2004;38(21):3405–15. https://doi.org/10.
1016/j.atmosenv.2004.03.027.

31. Géhin E, Ramalho O, Kirchner S. Size distribution and emission
rate measurement of fine and ultrafine particle from indoor human
activities. Atmos Environ. 2008;42:8341–52. https://doi.org/10.
1016/j.atmosenv.2008.07.021.

32. Apte JS, Kirchstetter TW, Reich AH, Deshpande SJ, Kaushik G,
Chel A, et al. Concentrations of fine, ultrafine, and black carbon
particles in auto-rickshaws in New Delhi, India. Atmos Environ.
2011;45(26):4470–80. https://doi.org/10.1016/j.atmosenv.2011.05.
028.

33. Hussein T, Hämeri K, Heikkinen MSA, Kulmala M. Indoor and
outdoor particle size characterization at a family house in Espoo–
Finland. Atmos Environ. 2005;39(20):3697–709. https://doi.org/
10.1016/j.atmosenv.2005.03.011.

34. Hussein T, Glytsos T, Ondráček J, Dohányosová P, Ždímal V,
Hämeri K, et al. Particle size characterization and emission rates
during indoor activities in a house. Atmos Environ. 2006;40(23):
4285–307. https://doi.org/10.1016/j.atmosenv.2006.03.053.

35. Hachem M, Bensefa-Colas L, Lahoud N, Akel M, Momas I, Saleh
N. Cross-sectional study of in-vehicle exposure to ultrafine particles
and black carbon inside Lebanese taxicabs. Indoor Air. 2020;30(6):
1308–16. https://doi.org/10.1111/ina.12703.

36. Onat B, Sahin UA, Uzun B, Akin O, Ozkaya F, Ayvaz C.
Determinants of exposure to ultrafine particulate matter, black car-
bon, and PM2.5 in common travel modes in Istanbul. Atmos
Environ. 2019;206:258–70. https://doi.org/10.1016/j.atmosenv.
2019.02.015.

37. Wheeler AJ, Wallace LA, Kearney J, Van Ryswyk K, You HY,
Kulka R, et al. Personal, indoor, and outdoor concentrations of fine
and ultrafine particles using continuous monitors in multiple resi-
dences. Aerosol Sci Technol. 2011;45(9):1078–89. https://doi.org/
10.1080/02786826.2011.580798.

38. Zhou Y, Shao YJ, Yuan Y, Liu J, Zou XL, Bai PQ et al. Personal
black carbon and ultrafine particles exposures among high school
students in urban China. Environ Pollut. 2020;265(PT A). https://
doi.org/10.1016/j.envpol.2020.114825.

39. Madureira J, Slezakova K, Costa C, Pereira MC, Teixeira JP.
Assessment of indoor air exposure among newborns and their
mothers: levels and sources of PM10, PM2.5 and ultrafine particles
at 65 home environments. Environ Pollut. 2020;264:114746.
https://doi.org/10.1016/j.envpol.2020.114746.

40. Ham W, Vijayan A, Schulte N, Herner JD. Commuter exposure to
PM2.5, BC, and UFP in six common transport microenvironments
in Sacramento, California. Atmos Environ. 2017;167:335–45.
https://doi.org/10.1016/j.atmosenv.2017.08.024.

41. Qiu ZW, Lv HT, Zhang F, Wang WZ, Hao YZ. Pedestrian expo-
sure to PM2.5, BC and UFP of adults and teens: a case study in
Xi'an, China. Sustain Cities Soc. 2019;51:101774. https://doi.org/
10.1016/j.scs.2019.101774.

42. Abt E, Suh HH, Catalano P, Koutrakis P. Relative contribution of
outdoor and indoor particle sources to indoor concentrations.
Environ Sci Technol. 2000;34(17):3579–87. https://doi.org/10.
1021/es990348y.

43. Chao CY, Cheng EC. Source apportionment of indoor PM(2.5) and
PM(10) in homes. Indoor Built Environ. 2002;11(1):27–37. https://
doi.org/10.1177/1420326x0201100104.

44. Diapouli E, Eleftheriadis K, Karanasiou AA, Vratolis S,
Hermansen O, Colbeck I, et al. Indoor and outdoor particle number
and mass concentrations in Athens. Sources, sinks and variability
of aerosol parameters. Aerosol Air Qual Res. 2011;11(6):632–42.
https://doi.org/10.4209/aaqr.2010.09.0080.

45. Hasheminassab S, Daher N, Shafer MM, Schauer JJ, Delfino RJ,
Sioutas C. Chemical characterization and source apportionment of
indoor and outdoor fine particulatematter (PM2.5) in retirement
communities of the Los Angeles Basin. Sci Total Environ.
2014;490:528–37. https://doi.org/10.1016/j.scitotenv.2014.05.044.

46. Kearney J, Wallace L, MacNeill M, Xu X, VanRyswyk K, You H,
et al. Residential indoor and outdoor ultrafine particles in Windsor.
Ontario Atmospher Environ. 2011;45(40):7583–93. https://doi.org/
10.1016/j.atmosenv.2010.11.002.

47. Delgado-Saborit JM, Okam A, Shehab M, Vu TV. Use of Real-
Time Sensors to Assess Misclassification and to Identify Main
Sources Contributing to Peak and Chronic Exposures (unpublished
report): Health Effects Institute 2018.

48. Delgado-Saborit JM. Use of real-time sensors to characterise hu-
man exposures to combustion related pollutants. J Environ Monit.
2012;14(7):1824–37. https://doi.org/10.1039/C2EM10996D.

49. Delgado-Saborit JM, Aquilina NJ, Meddings C, Baker S, Harrison
RM. Model development and validation of personal exposure to
volatile organic compound concentrations. Environ Health
Perspect. 2009;117(10):1571–9. https://doi.org/10.1289/ehp.
0900561.

50. Buonanno G,Morawska L, Stabile L, Viola A. Exposure to particle
number, surface area and PM concentrations in pizzerias. Atmos
Environ. 2010;44(32):3963–9. https://doi.org/10.1016/j.atmosenv.
2010.07.002.

51. See SW, Balasubramanian R. Risk assessment of exposure to in-
door aerosols associated with Chinese cooking. Environ Res.

J Environ Health Sci Engineer

https://doi.org/10.1016/j.ijheh.2010.08.009
https://doi.org/10.1016/j.scitotenv.2019.01.309
https://doi.org/10.1016/j.scitotenv.2019.01.309
https://doi.org/10.1289/ehp.7511
https://doi.org/10.1289/ehp.11770
https://doi.org/10.1289/ehp.11770
https://doi.org/10.1093/ageing/afv157
https://doi.org/10.1503/cmaj.070359
https://doi.org/10.1503/cmaj.070359
https://doi.org/10.1080/10962247.2014.912692
https://doi.org/10.1080/10962247.2014.912692
https://doi.org/10.1289/ehp.1003369
https://doi.org/10.1289/ehp.1003369
https://doi.org/10.1016/j.atmosenv.2013.01.061
https://doi.org/10.1016/j.atmosenv.2004.03.027
https://doi.org/10.1016/j.atmosenv.2004.03.027
https://doi.org/10.1016/j.atmosenv.2008.07.021
https://doi.org/10.1016/j.atmosenv.2008.07.021
https://doi.org/10.1016/j.atmosenv.2011.05.028
https://doi.org/10.1016/j.atmosenv.2011.05.028
https://doi.org/10.1016/j.atmosenv.2005.03.011
https://doi.org/10.1016/j.atmosenv.2005.03.011
https://doi.org/10.1016/j.atmosenv.2006.03.053
https://doi.org/10.1111/ina.12703
https://doi.org/10.1016/j.atmosenv.2019.02.015
https://doi.org/10.1016/j.atmosenv.2019.02.015
https://doi.org/10.1080/02786826.2011.580798
https://doi.org/10.1080/02786826.2011.580798
https://doi.org/10.1016/j.envpol.2020.114825
https://doi.org/10.1016/j.envpol.2020.114825
https://doi.org/10.1016/j.envpol.2020.114746
https://doi.org/10.1016/j.atmosenv.2017.08.024
https://doi.org/10.1016/j.scs.2019.101774
https://doi.org/10.1016/j.scs.2019.101774
https://doi.org/10.1021/es990348y
https://doi.org/10.1021/es990348y
https://doi.org/10.1177/1420326x0201100104
https://doi.org/10.1177/1420326x0201100104
https://doi.org/10.4209/aaqr.2010.09.0080
https://doi.org/10.1016/j.scitotenv.2014.05.044
https://doi.org/10.1016/j.atmosenv.2010.11.002
https://doi.org/10.1016/j.atmosenv.2010.11.002
https://doi.org/10.1039/C2EM10996D
https://doi.org/10.1289/ehp.0900561
https://doi.org/10.1289/ehp.0900561
https://doi.org/10.1016/j.atmosenv.2010.07.002
https://doi.org/10.1016/j.atmosenv.2010.07.002


2006;102(2):197–204. https://doi.org/10.1016/j.envres.2005.12.
013.

52. To WM, Yeung LL. Effect of fuels on cooking fume emissions.
Indoor Built Environ. 2011;20(5):555–63. https://doi.org/10.1177/
1420326x11409462.

53. Wallace LA, Emmerich SJ, Howard-Reed C. Source strengths of
ultrafine and fine particles due to cooking with a gas stove. Environ
Sci Technol. 2004;38(8):2304–11. https://doi.org/10.1021/
es0306260.

54. Vu TV, Ondracek J, Zdimal V, Schwarz J, Delgado-Saborit JM,
Harrison RM. Physical properties and lung deposition of particles
emitted from five major indoor sources. Air Qual Atmos Health.
2017;10(1):1–14. https://doi.org/10.1007/s11869-016-0424-1.

55. Morawska L, Afshari A, Bae GN, Buonanno G, Chao CYH,
Hanninen O, et al. Indoor aerosols: from personal exposure to risk
assessment. Indoor Air. 2013;23(6):462–87. https://doi.org/10.
1111/ina.12044.

56. Jeong H, Park D. Characteristics of elementary school children's
daily exposure to black carbon (BC) in Korea. Atmos Environ.
2017;154:179–88. https://doi.org/10.1016/j.atmosenv.2017.01.
045.

57. Yang Y, Liu L, Xu C, Li N, Liu Z, Wang Q, et al. Source
Apportionment and Influencing Factor Analysis of Residential
Indoor PM(2.5) in Beijing. Int J Environ Res Public Health.
2018;15(4):686. https://doi.org/10.3390/ijerph15040686.

58. Vu TV, Zauli-Sajani S, Poluzzi V, Delgado-Saborit JM, Harrison
RM. Loss processes affecting submicrometer particles in a house
heavily affected by road traffic emissions. Aerosol Sci Technol.
2017;51(10):1201–11. https://doi.org/10.1080/02786826.2017.
1343453.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

J Environ Health Sci Engineer

https://doi.org/10.1016/j.envres.2005.12.013
https://doi.org/10.1016/j.envres.2005.12.013
https://doi.org/10.1177/1420326x11409462
https://doi.org/10.1177/1420326x11409462
https://doi.org/10.1021/es0306260
https://doi.org/10.1021/es0306260
https://doi.org/10.1007/s11869-016-0424-1
https://doi.org/10.1111/ina.12044
https://doi.org/10.1111/ina.12044
https://doi.org/10.1016/j.atmosenv.2017.01.045
https://doi.org/10.1016/j.atmosenv.2017.01.045
https://doi.org/10.3390/ijerph15040686
https://doi.org/10.1080/02786826.2017.1343453
https://doi.org/10.1080/02786826.2017.1343453

	The contribution of cooking appliances and residential traffic proximity to aerosol personal exposure
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Subject’s recruitment and related information
	Instruments and equipment
	Sampling and data collection
	Data analysis

	Results
	Statistical and descriptive results
	Personal exposure during cooking
	Personal exposure during time spent at home
	Personal exposure at home without indoor activities (i.�e. sleeping)


	Discussion
	Effect of cooking on personal exposures
	Effect of residential traffic on personal exposures
	Study limitations and strengths

	Conclusion
	References


