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Particulate matter (PM) from cooking has caused seriously indoor air pollutant and aroused
risk to human health. It is urged to get deep knowledge of their spatial–temporal distribution
of source emission characteristics, especially ultrafine particles (UFP < 100 nm) and
accumulation mode particles (AMP 100–665 nm). Four commercial cooking oils are auto
dipped water to simulate cooking fume under heating to 265°C to investigate PM emission
and decay features between 0.03 and 10 μm size dimension by electrical low pressure
impactor (ELPI) without ventilation. Rapeseed and sunflower produced high PM2.5 around
6.1 mg/m3, in comparison with those of soybean and corn (5.87 and 4.65 mg/m3, respectively)
at peak emission time between 340 and 460 sec since heating oil, but with the same level of
particle numbers 6–9 × 105/cm3. Mean values of PM1.0/PM2.5 and PM2.5/PM10 at peak emission
time are around 0.51–0.66 and 0.23–0.29. After 15 min naturally deposition, decay rates of
PM1.0, PM2.5 and PM10 are 13.3%–29.8%, 20.1%–33.9% and 41.2%–54.7%, which manifest that
PM1.0 is quite hard to decay than larger particles, PM2.5 and PM10. The majority of the particle
emission locates at 43 nmwith the largest decay rate at 75%, and shifts to a larger size between
137 and 655 nmafter 15 mindecay. Thedecay rates of the particles are sensitive to the oil type.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Particulate pollution from cooking emissions has been con-
sidered a serious environmental problem that is influencing
indoor air quality, regional environments and human health
(Buonanno et al., 2011; Huang et al., 2011; Kabir and Kim,
2011; Kim et al., 2011; Zhang et al., 2010). Cooking contributed
0.6%–1.6% to source apportionment of PM2.5 collected during
the high pollution events of 5–25 January 2013 at the urban
sites of Beijing, Shanghai, Guangzhou and Xi'an (Huang et al.,
2014). Cooking with gas and stove has been identified as one
.ac.cn, chenyf@ipe.ac.cn (
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of the most significant particle generating activities indoors
(Abdullahi et al., 2013), responsible for 43.2% of residential
indoor PM concentrations (Zhao et al., 2006). The PM2.5 con-
centrations in the cooking samples, meat roasting, cafeteria
frying, fish roasting, snack-street boiling, and cafeteria boiling
in Ya'an, China were 2.5–9.6 times higher than those in the
corresponding backgrounds (Li et al., 2015). Cooking has been
associated with lung cancer risk in retrospective case–control
studies in Shanghai (Kim et al., 2015).

Many studies investigated the mass concentrations and
size distribution of aerosol generated from cooking, which were
Yunfa Chen).
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proved to be affected by cooking oils, styles and temperature.
Karimatu reviewed the emission range for particle number and
mass concentrationwith different cooking conditions (Abdullahi
et al., 2013). PM2.5 mass concentrations ranged 0.4–1.8 mg/m3

from cooking fume were 4.3 to 20.2 times higher than ambient
air (Wang et al., 2015). Particle number concentrations increased
to 1.4 × 106 particles/cm3 during cooking hours from the back-
ground 1220 to 6200 particles/cm3 (Yu et al., 2015). Torkmahalleh
investigated emission rates of seven commercial cooking oils,
soybean, safflower, canola, andpeanut oils produced lower PM2.5

emission fluxes around 105 μg/(min·m2) than corn, coconut, and
olive oils with 106 μg/(min·m2) at 197°C (Torkmahalleh et al.,
2012). Cooking styles, like frying, grilling, toasting could elevate
indoor submicrometer particle number concentration levels by
more than five times, while PM2.5 concentrations could be up to
3, 30 and 90 times higher than the background levels during
smoking, frying and grilling, respectively (He et al., 2004).

However, few have special attention to the time and size
distribution for oil heating and their naturally decay character,
especially for ultrathin particles. In recent years, there are
some report on volume-based size distribution of accumula-
tion and coarse particles (PM0.1–10) from cooking fume during
oil heating (Gao et al., 2013a, 2013b, 2013c). Wang reported
that the average number concentrations of 14.6–100 nm and
100–661.2 nmparticles elevated by 10 fold from the background
level in the living room and by 20–40 fold in the kitchen, while
PM2.5 went up to about 160 mg/m3 in the kitchen and about
60 mg/m3 in the living room (Wan et al., 2011).

An electrical low pressure impactor (ELPI) manufactured by
Dekati Ltd. (Tampere, Finland) was used to collect particles
from 30 nm to 10 μm into 12 size fractions. ELPI is widely used
for size distribution and density measurement of fine aerosol
from wood combustion sources, urban/rural air, pharmaceu-
tical aerosols or motor vehicle exhaust (Coudray et al., 2009;
Glover and Chan, 2004; Held et al., 2008; Maricq et al., 2000).
The particles pass through a unipolar corona charger, where
particle surfaces are saturated with positive charges accord-
ing to their Stokes diameter, and then impacted on different
stages according to their inertia related to their aerodynamic
diameter. Finally, the measured current values are inverted to
yield particle number concentrations using transfer functions
provided by the manufacturer. Mass concentration gives the
total mass of all particles in each size range, which is formed
by multiplying the current distribution by a vector formed
from themasses of spheres having diameter equal tomidpoint
4.5 m

4.0 m

3 m

Door 1
.5×2.0 m

Fig. 1 – Schematic and real kitchen with the layout of
values of each stage. Due to the dependence of the particle
charging efficiency on the Stokes diameter, the particle density
must be known for accurate inversions. However, the value of
the aerosol density is usually not precisely known so that the
particle density estimated of 1.0 g/cm3 is generally provided by
the ELPI technique as a default value for particles measured
with aerodynamic diameter (Held et al., 2008). Mass concentra-
tions for cooking fine particles with a gas stove were measured
by assuming a specific gravity of 1.0 g/cm3, derived from typical
of combustion particles (Wallace et al., 2004). More details
about the ELPI measurement principle can be found elsewhere
(Marjamaki et al., 2000).

The aim of this work is to quantify source emission charac-
ter of particles ranging from 0.03 to 10 μm emitted during a
specified oil-heating period for edible commercial oils. In order
to gain a better understanding of the relationship between
particulatemass and number concentrationwith heating time
and particle size, four commercial oils (rapeseed, sunflower,
soybean and corn oils) have been measured by ELPI when
heated to 265°C by auto dipping water to simulate cooking
fume. Results of this work are expected to provide information
on time- and size-dependent fine particle emission dependent
on oil style, whichwill assess the indoor air quality for Chinese
style residential kitchen.
1. Experimental method

The size of the kitchen is 4.5 m (L) × 4.0 m (W) × 3.0 m (H) as
shown in Fig. 1. Three hundredmilliliter different oil (rapeseed,
sunflower, soybean and corn oil) in a Supor nonstick pan was
heated by liquid gas. When the oil temperature reaches up
to 265°C with a real time temperature monitor (PT 1000
temperature sensor), auto dipping equipment will spray 5 ml
waterwithin 2 sec following 8 sec interval. After oil temperature
reached 265°C again, auto dipping equipment will repeat spray
water. Auto dipping equipment was designed to sprayed water
twice for all the experiments. Afterwards, fire was shut to
stop heating oil. It is observed that they will take within 24 sec
to finish auto dipping. The measurements of mass concen-
tration are conducted under nearly no ventilation condition
with smoke sucker shutting and the door of the kitchen closed
throughout the experimental process, which means the air
exchange rate is near zero, and no infiltration of particles from
outdoor sources. The kitchen was refreshed with fresh air
measuring point using the TSI and ELPI monitors.
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Fig. 2 – PM mass concentration of time-dependent for 5 kinds of particle size dimensions of rapeseed, sunflower, corn and
soybean oil, respectively. PM: particulate matter.
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thoroughly through the door and the ventilation between each
experiment, till the kitchen air returned to background level
when there was no cooking. During the course of experiments,
no individuals were present in the house except the investiga-
tor, and no human activities other than cooking took place in
the kitchen.

Particle number concentration was measured at the same
time to that of starting heating oil by ELPI in the near real-time
sampling system consisting of an aerosol charger and a
cascade impactor. The ELPI has cutpoints at 0.030, 0.063,
0.109, 0.173, 0.267, 0.407, 0.655, 1.021, 1.655, 2.520, 4.085, 6.560
and 9.990 μm for stage 1 to stage 13 between 30 nm and 10 μm
with operating flow rate of 10.0 L/min and a response time
less than 5 s. Particle mass concentrations of size distribution
were calculated by assuming that all the particles are perfect
spheres with a specific gravity of 1.0 g/cm3 with the time
interval of survey setting to 1 sec. Buonanno characterized
the particles collected during cooking, which showed that
many spherical-like particles aggregate together (Buonanno
et al., 2009). Cooking emitted PMs are quite complex in nature
and could vary from one cooking episode to the other, it is
impossible to calibrate ELPI charging efficiency using the cooking
emitted PM. The results presented in this study should be
considered as approximations. The real-time sampling monitor
Table 1 –Mean mass concentration of fume emission and deca
and PM2.5/PM10 at different heating oil time.

Mass concentration Oil style PM1.0

(mg/m3)
PM2.5

(mg/m3)
P

(m

Mean peak value between
400 and 460 sec

Rapeseed 4.09 6.19
Sunflower 3.12 6.13
Corn 2.53 4.65
Soybean 3.35 5.87

Mean deposition value
between 920 and 1000 sec

Rapeseed 3.00 4.41
Sunflower 2.19 4.05
Corn 2.14 3.72
Soybean 2.72 4.42

PM: particulate matter.
point was located 165 cm vertical to the floor, and 20 cm
horizontal to the center of the facies lateralis of fume hood,
roughly the breathing level of a standing adult. Particle mass
concentration of PM2.5 is measured using the 8532 DustTrak™ П
(TSI, America) aerosol monitor based on a light scattering
technique with 2.0 L/minmeasuring aerosol flow. The sampling
corresponding time was set to 1 sec which corresponded to one
scan record. Statistical analysis of the experimental data was
performed using the ELPI software. All the collected data are the
average value of twice parallel experiment.
2. Results and discussions

2.1. Time-dependent emission feathers

Fig. 2 records the time distribution of mass concentration
for 5 kinds of different particle size distribution, 0.03–0.109,
0.109–0.655, 0.655–1.021, 1.021–2.520 and 0.030–2.520 μm, for
rapeseed, sunflower, corn and soybean oil, respectively. Oil
temperature higher than 200°C is regarded as the necessary
condition for Chinese style cooking, which is a little lower to
the smoke point of vegetable oil. Cooking fume was reported
denser with the increase of oil temperature. For the sake of
y rate of PM1.0, PM2.5 and PM10, and the ratio of PM1.0/PM2.5

M10

g/m3)
PM1.0/PM2.5 PM2.5/PM10 Decay rate (%)

PM1.0 PM2.5 PM10

21.23 0.66 0.29
25.20 0.51 0.24
18.33 0.54 0.25
25.59 0.57 0.23
11.69 0.68 0.38 26.60 28.79 44.96
11.42 0.54 0.35 29.78 33.90 54.66
10.79 0.59 0.34 13.30 20.12 41.17
13.30 0.61 0.33 18.79 24.66 48.05
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Fig. 4 – PM2.5 mass concentration of time-dependent for
rapeseed, sunflower, corn and soybean oil, respectively,
observed by TSI.
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producing more fume, the four kinds of oils in all experimen-
tal episodes were heated to 265°C. And their heating time to
265°C are counted as 220, 270, 299 and 212 sec, respectively,
manifesting that rapeseed and soybean are easier heated
than sunflower and corn. PM2.5 of four oils showed very low
emission level below 0.3 mg/m3 at the beginning of heating
(before 120 sec), similar with the background level. There
exists time delay for reaching maximum mass concentration
in comparisonwith the time of finishing auto dippingwater. It
was 50–71 sec delay for PM0.030–0.109 and 130–165 sec delay for
other three particle size dimension, 0.109–2.520 μm, It can
be observed that PM2.5 of four oils reached to 0.65, 0.81, 0.58
and 0.18 mg/m3 before 265°C, then increased quickly to the
maximum values 5.0–7.4 mg/m3 around 385 s for rapeseed oil,
and around 430 s for other oils. After nearly 15 min natural
deposition, PM2.5 remained around 1.5 mg/m3 for all oils.
The results are comparable to the previous report under non-
ventilation condition (Gao et al., 2013c). The effect of particle
size to mass concentration is observed as the following
rank, PM0.109–0.655, PM1.021–2.520 > PM0.655–1.021 > PM0.030–0.109. To
further evaluate the difference for mass concentration of
particulate emission and decay rates of 4 kind oils, the PM1.0

(0.030–1.021 μm), PM2.5 (0.030–2.520 μm) and PM10 (0.030–
9.990 μm) listed in Table 1, representing the mean peak value
of the cooking fume for cooking time between 400 and 460 s,
while PM1.0, PM2.5 and PM10 between 920 and 1000 sec (Table 1)
representing the average PM level after nearly 15 min natu-
rally deposition. As can be seen that the mass concentration
emission from varied oils ranked like, rapeseed > sunflower,
soybean > corn. Mass concentration ratio of PM1.0/PM2.5 and
PM2.5/PM10, together with decay rate of PM1.0, PM2.5 and PM10

are counted (Table 1). Decay rate is calculated with the
difference of mass concentration between mean peak value
between 400 and 460 s and mean deposition values between
920 and 1000 sec divided by mean peak value listed in Table 1.
PM1.0/PM2.5 and PM2.5/PM10 are around 0.51–0.66 and 0.23–0.29,
manifested that PM1.0 is beyond half PM2.5, and PM2.5 is nearly
1/4 PM10. PM2.5/PM10 detected at the vent of exhausts in
different Chinese restaurants usually above 0.6 (Zhao et al.,
2007a, 2007b). The results here around 0.3 are quite lower
than those of reported, which may derive from the different
experiment condition. There existed amount of evaporated
water vapor through artificially water dipping under highly
heated oil temperature in our experiment, which maybe will
increase the content of particle size above 2.5 μm. Furthermore,
PM2.5/PM10 ratios before dipping water are detected as 0.54,
0.030-0.109 µm 0.109-0.655 µm

31.04%
19.27%

42.81% 6.88%

Rapeseed oil

1

3

44.23%
17.01%

31.66%
7.1%

Sunflower oil

Fig. 3 – Mean mass concentration ratios of 4 kinds of particle dim
oil, respectively, at peak emission time between 400 and 460 sec
0.48, 0.60, 0.64 for rapeseed, sunflower, corn and soybean
oil, respectively, which are close to the reported results,
manifesting water content may influence the PM2.5/PM10 ratios.
Water-based cooking is reported to produce less ultra fine
particles and PM2.5 than oil-based cooking (Zhang et al., 2010).
After 15 min naturally deposition, decay rates of PM1.0, PM2.5

and PM10 are 13.3%–29.8%, 20.1%–33.9% and 41.2%–54.7%. The
results show that PM1.0 is quite harder to decay than large
particles, PM2.5 and PM10. Wan reported PM2.5 mass concentra-
tion could decay to nearly the background level taking 90 min
after cooking in the kitchen (Wan et al., 2011).

To evaluate the mass concentration distribution depen-
dent on varied particulate size, their ratios of 4 kinds of
particle dimensions to PM2.5 for rapeseed, sunflower, corn and
soybean oil, respectively based on the mean values at peak
emission time between 400 and 460 s presented in Fig. 3. For
the 4 kinds of oil, the mean PM0.030–0.109 mass concentrations
occupy only 6.88%–10.85% PM2.5 (Fig. 3). PM0.655–1.021/PM2.5

around 13.37%–19.27% are a little larger than PM0.030–0.109/PM2.5.
The mass concentration with particle sizes between 0.109–
0.655 μm and 1.021–2.520 μm all occupy nearly 30–45% PM2.5,
respectively (Fig. 3).

In order to evaluate the performance of ELPI for monitoring
cooking aerosol, TSI was incorporated for comparison to real-
time measure PM2.5 mass concentration for 4 kinds of oils
(Fig. 4). Themaximumof PM2.5 mass concentration are around
3.0–7.0 mg/m3, which are a little lower than those determined
0.655-1.021 µm 1.021-2.250 µm

36.66%15.54%

38.71% 9.09%

Soybean oilCorn oil

41.86%
3.37%

3.91% 10.85%

ensions to PM2.5 for rapeseed, sunflower, corn and soybean
.
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from ELPI. After 15 min decay, PM2.5 mass concentration
maintained 1.08–1.54 mg/m3, which are consistent with the
results of ELPI. The results manifest that particle mass
measurement using ELPI is compared to TSI from the
perspective of characterizing PM2.5 mass concentration. TSI
were widely used for particle size measurements of cooking
fume (Torkmahalleh et al., 2012).

Fig. 5 shows time-dependent number concentration distri-
bution of cooking generated particle size dimensions of 0.03–
0.109, 0.109–0.655, 0.655–1.021, 1.021–2.520 and 0.030–2.520 μm,
for rapeseed, sunflower, corn and soybean oil, respectively.
Auto dipping water to the heated oil lead to a remarkable
increase in the number concentration of all particle size
dimensions from the background level. The order of maximum
number concentration of PM2.5 are soybean (7.8 × 105) > corn
(7.5 × 105) > rapeseed (6.8 × 105) > sunflower (5.7 × 105). The
number concentration order of different particle size dimension
for 4 kinds of oils are PM0.030–0.109 > PM0.109–0.655 > > PM0.655–1.021 >
PM1.021–2.520. The number concentration is in the same order
of magnitude as many other reports. See reported the number
concentration of frying 1.1 × 105 cm−3 using a scanning mo-
bility particle sizer (SMPS) (See and Balasubramanian, 2006).
Wan investigated the average SMPS number concentration
of the Chinese cooking in Hong Kong with 3–9 × 105 cm−3

(Wan et al., 2011). Fig. 6 shows the percentage of the
maximum PM number concentration with 4 kinds of different
 0.030-0.109 µm  0.109-0.655 µm

Rapeseed oil

3.12%

13.04%

37.12%

46.71%

Sunflower oil
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13.81%

31.1%

50.63% 59.81

Fig. 6 – The percentage of the maximum number concentration w
of <2.5 μm of rapeseed, sunflower, corn and soybean oil, respec
particle dimension to PM2.5 for rapeseed, sunflower, corn and
soybean oil, respectively. The results revealed the sum of
ultrafine particles 0.030–0.109 μm and accumulation particles
0.109–0.655 μm occupied 81.7% to 89.9% to PM2.5 number
concentration. The PM0.030–0.109/PM2.5 ratio for the rapeseed
oil is 46.7%, while the ratio for corn oil is high to 59.8%.
The number concentration percentage of PM0.655–1.021 and
PM1.021–2.520 to total PM2.5 particles present 2.91%–4.46% and
7.14%13.81%, respectively. The data presented in Fig. 6 for
PM0.030–0.109/PM0.030/0.655 (55–60%) are lower than the previ-
ous report with 76–99% for PM (10–100 nm) to (10–500 nm)
(Torkmahalleh et al., 2012).

The differences for mass and number concentration distri-
bution among the above experimental results of the four kinds
of commercial cooking oils were expected to be influenced by
the fatty acid composition discrepancy, like the distinct content
of oleic acid, linoleate, stearic acid and palmic acid. Researcher
(Snyder et al., 1985) found the volatile compounds present in
each stored vegetable oil sample related to the main fatty acid
components of the oil. Sunflower seed and corn oil, with the
highest amount of linoleate, tended to produce the greatest
amount of volatiles, especially pentane and hexanal. Soybean
oils, which contain linolenate, formed measurable amounts of
2,4-heptadienal. Katsuta also examine the relationship between
the emission of volatile aldehydes with the oils with diverse
fatty acid composition (Katsuta et al., 2008).
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Fig. 7 –Mean particle size distribution of mass concentration for 4 kinds of oils with different cooking time. (a) Between 340 and
460 sec; (c) between 880 and 1000 sec.
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2.2. Size-dependent emission feathers

Fig. 7 presentsmean particle size distribution of mass concen-
tration for 4 kinds of oils with different cooking time between
340−460 s and 880–1000 s. The horizontal axis represents the
particle size (Dp) on a logarithmic scale. The background level
ofmass concentration is 0.03 mg/m3. As can be seen thatmass
concentration of different oil increased quickly with enhanced
particle size from0.03 to 3.0 μmfor different cooking timewith
peak concentration and 15 min decay (Fig. 7a, b). For different
size channel, after 15 min decay, mass concentration all
presented reduction in different degrees.

Furthermore, Fig. 8 represents mean particle size distribu-
tion of number concentration for 4 kinds of oils with different
cooking time between 340−460 sec and 880–1000 sec. The
decay rates also showed in Fig. 8c to evaluate the natural
decay character of varied particle size. The background
of number at different size is around 2084–9870/cm3. The ver-
tical axis represents the normalized number concentration
(dN/dlogDp) which allows the size distribution to be compared
regardless of the channel resolution. The size distribution of
number concentration showed that the majority of emitted
particles were more harmful ultrafine particles with the domi-
nant peak at 43 nm for soybean (10.4 × 105), corn (9.4 × 105) and
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Fig. 8 – Mean particle size distribution of number concentration f
and 460 sec; (b) between 880 and 1000 sec; (c) decay rates of size
concentration between 880 and 1000 sec.
sunflower (6.9 × 105) oils. They all showed a somewhat similar
profile for the exception of rapeseed oil with modal peak at
137 nm with 6.5 × 105. The dominant particle size is between
100 and 500 nmwith peak modal 137 and 215 nm for all the oils
after 15 min of natural deposition. Size with 43 nm owned the
largest decay rate of 75%, then gradually decrease to 32%–53% for
137 nm particle size. Particle size of 0.2–1.0 μm exhibited the
lowest decay with 15%, then decay rate had a little increase for
the size of >1 μm. See noted different particle sizes for different
gas cooking methods at peak concentration confined to the
ultrafine and nano range, like steaming and boilingwith bimodal
peak <10 nm and 70–80 nm (See and Balasubramanian, 2006).
The results revealed that coagulation of smaller particles to form
large particles (300–1000 nm) during dispersion could be a major
reason for the extreme decrease of <100 nm, accompanied with
a faint decrease of 300–600 nm, even negative decay for corn and
soybeanoils. This is in good agreementwith the study conducted
by Wan who suggested that more small size particles could
be lost during the dispersion process and coagulated to larger
particles for the study of size distribution in kitchen and living
room (Wan et al., 2011). The results stated that there existed a
quite difference between the mass and number concentration
with different particle size distributions. The giant number of
ultrafine particle contributed the smallest mass concentration.
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It's suggested that controlling of Chinese style kitchen air
quality should be carried out number control, which will be
uppermost to remove the large number of below 665 nm
to ensure the low-level exposure to such particles, after then
carrying out mass control, which will be more efficient to
reduce the large particles >655 nm, especially for 1–10 μm for
decreasing the mass concentration of PM2.5 and PM10.
3. Conclusions

Determination of time- and size-dependent fine particle emis-
sion with varied oil heating from the experimental cooking is
investigated. Real-time mass and number concentration distri-
bution of fume particles are monitored. The average PM2.5 mass
concentration at the higher fume emission time between 400
and 460 sec is 4.65–6.19 μg/m3, ranked rapeseed > sunflower >
soybean > corn oil. The order of maximum number concentra-
tion of PM2.5 is soybean (7.8 × 105) > corn (7.5 × 105) > rapeseed
(6.8 × 105) > sunflower (5.7 × 105). The mass concentration of
PM0.030–0.109 and PM0.109–0.655 accounts for 6.88%–10.85% and
31.66%–42.80% of PM2.5, however their number concentration
accounts for 46.71%–59.81% and 30.155–37.12% of PM2.5, respec-
tively. Particles emitted from heating four kinds of oils could
happen naturally deposition, the decay rate of PM1.0 mass
concentration is the slowest with 13.35–29.8%, followed by PM2.5

with 20.15–339% while PM10 is the highest beyond 41.2%. The
emitted particle size which owned the largest particle number
concentration located at 43 nm, and shifted to 137–215 nm after
15 min decay. Results show that ultra fine particles will take
place during coagulation to accumulate modal particles.
Acknowledgments

This research described above was supported by the strategic
project of science and technology of Chinese Academy of
Sciences (No. XDB05050000).
R E F E R E N C E S

Abdullahi, K.L., Delgado-Saborit, J.M., Harrison, R.M., 2013.
Emissions and indoor concentrations of particulate matter
and its specific chemical components from cooking: a review.
Atmos. Environ. 71 (2), 260–294.

Buonanno, G., Morawska, L., Stabile, L., 2009. Particle emission factors
during cooking activities. Atmos. Environ. 43 (20), 3235–3242.

Buonanno, G., Johnson, G., Morawska, L., Stabile, L., 2011. Volatility
characterization of cooking-generated aerosol particles. Aerosol
Sci. Technol. 45 (9), 1069–1077.

Coudray, N., Dieterlen, A., Roth, E., Trouve, G., 2009. Density
measurement of fine aerosol fractions from wood combustion
sources using ELPI distributions and image processing
techniques. Fuel 88 (5), 947–954.

Gao, J., Cao, C.S., Xiao, Q.F., Xu, B., Zhou, X., Zhang, X., 2013a.
Determination of dynamic intake fraction of cooking-generated
particles in the kitchen. Build. Environ. 65, 146–153.

Gao, J., Cao, C., Zhang, X., Luo, Z., 2013b. Volume-based size
distribution of accumulation and coarse particles (PM0.1–10) from
cooking fume during oil heating. Build. Environ. 59, 575–580.
Gao, J., Cao, C.S., Wang, L., Song, T.H., Zhou, X., Yang, J., Zhang, X.,
2013c. Determination of size-dependent source emission rate
of cooking-generated aerosol particles at the oil-heating stage
in an experimental kitchen. Aerosol Air Qual. Res. 13 (2),
488–496.

Glover, W., Chan, H.K., 2004. Electrostatic charge characterization
of pharmaceutical aerosols using electrical low-pressure
impaction (ELPI). J. Aerosol Sci. 35 (6), 755–764.

He, C.R., Morawska, L.D., Hitchins, J., Gilbert, D., 2004. Contribution
from indoor sources to particle number and mass
concentrations in residential houses. Atmos. Environ. 38 (21),
3405–3415.

Held, A., Zerrath, A., McKeon, U., 2008. Aerosol size distributions
measured in urban, rural and high-alpine air with an electrical
low pressure impactor (ELPI). Atmos. Environ. 42 (36),
8502–8512.

Huang, Y., Ho, S.S.H., Ho, K.F., Lee, S.C., Yu, J.Z., Louie, P.K.K., 2011.
Characteristics and health impacts of VOCs and carbonyls
associated with residential cooking activities in Hong Kong.
J. Hazard. Mater. 186 (1), 344–351.

Huang, R.J., Zhang, Y.L., Bozzetti, C., Ho, K.F., et al., 2014. High
secondary aerosol contribution to particulate pollution during
haze events in China. Nature 514 (7521), 218–222.

Kabir, E., Kim, K.H., 2011. An investigation on hazardous and
odorous pollutant emission during cooking activities.
J. Hazard. Mater. 188 (1–3), 443–454.

Katsuta, I., Shimizu, M., Yamaguchi, T., Nakajima, Y., 2008.
Emission of volatile aldehydes from DAG-rich and TAG-rich
oils with different degrees of unsaturation during deep-frying.
J. Am. Oil Chem. Soc. 85 (6), 513–519.

Kim, K.H., Pandey, S.K., Kabir, E., Susaya, J., Brown, R.J.C., 2011.
The modern paradox of unregulated cooking activities and
indoor air quality. J. Hazard. Mater. 195, 1–10.

Kim, C., Gao, Y.T., Xiang, Y.B., Francesco, B.A., et al., 2015. Home
kitchen ventilation, cooking fuels, and lung cancer risk in a
prospective cohort of never smoking women in Shanghai,
China. Int. J. Cancer 136 (3), 632–638.

Li, Y.C., Shu, M., Ho, S.S.H., Wang, C., Cao, J.J., 2015. Characteristics
of PM2.5 emitted from different cooking activities in China.
Atmos. Res. 166, 83–91.

Maricq, M.M., Podsiadlik, D.H., Chase, R.E., 2000. Size distributions
of motor vehicle exhaust PM: a comparison between ELPI
and SMPS measurements. Aerosol Sci. Technol. 33 (3),
239–260.

Marjamaki, M., Keskinen, J., Chen, D.R., Pui, D.Y.H., 2000.
Performance evaluation of the electrical low-pressure
impactor (ELPI). J. Aerosol Sci. 31 (2), 249–261.

See, S.W., Balasubramanian, R., 2006. Physical characteristics of
ultrafine particles emitted from different gas cooking
methods. Aerosol Air Qual. Res. 6 (1), 82–92.

Snyder, J.M., Franket, E.N., Selke, E., 1985. Capillary gas
chromatographic analyses of headspace volatiles from
vegetable oils. J. Am. Oil Chem. Soc. 62 (12), 1675–1679.

Torkmahalleh, M.A., Goldasteh, I., Zhao, Y., Udochu, N.M.,
Rossner, A., Hopke, P.K., et al., 2012. PM2.5 and ultrafine
particles emitted during heating of commercial cooking oils.
Indoor Air 22 (6), 483–491.

Wallace, L.A., Emmerich, S.J., Howard-Reed, C., 2004. Source
strengths of ultrafine and fine particles due to cooking with a
gas stove. Environ. Sci. Technol. 38 (8), 2304–2311.

Wan, M.-P., Wu, C.-L., Szeto, G.-N., Chan, T.-C., Chao, C.Y.H., 2011.
Ultrafine particles, and PM2.5 generated from cooking in
homes. Atmos. Environ. 45 (34), 6141–6148.

Wang, G., et al., 2015. Chemical characteristics of fine particles
emitted from different Chinese cooking styles. Aerosol Air
Qual. Res. 15 (6), 2357–2366.

Yu, K.P., Yang, K.R., Chen, Y.C., Gong, J.Y., Chen, Y.P., Shih, H.C.,
et al., 2015. Indoor air pollution from gas cooking in five
Taiwanese families. Build. Environ. 93, 258–266.



164 J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 5 1 ( 2 0 1 7 ) 1 5 7 – 1 6 4
Zhang, Q., Gangupomu, R.H., Ramirez, D., Zhu, Y., 2010.Measurement
of ultrafine particles and other air pollutants emitted by cooking
activities. Int. J. Environ. Res. Public Health 7 (4), 1744–1759.

Zhao, W.X., Hopke, P.K., Norris, G., Williams, R., Paatero, P., 2006.
Source apportionment and analysis on ambient and personal
exposure samples with a combined receptor model and an
adaptive blank estimation strategy. Atmos. Environ. 40 (20),
3788–3801.
Zhao, Y.L., Hu, M., Slanina, S., Zhang, Y.H., 2007a. Chemical
compositions of fine particulate organic matter emitted from
Chinese cooking. Environ. Sci. Technol. 41 (1), 99–105.

Zhao, Y.L., Hu, M., Slanina, S., Zhang, Y.H., 2007b. The molecular
distribution of fine particulate organic matter emitted from
western-style fast food cooking. Atmos. Environ. 41 (37),
8163–8171.


