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Indoor particulate matter (PM) from cooking in UK
students’ studio flats and associated intervention
strategies: evaluation of cooking methods, PM
concentrations and personal exposures using
low-cost sensorsy

Ruijie Tang® and Christian Pfrang (2 *2°

Cooking emissions have been identified as a major source of indoor particulate matter (PM), which can
contribute to severe health issues, including cardiovascular disease and lung cancer. Both cooking
methods and use of extractors were investigated to assess their influence on PM concentrations and
emission rates. The impact of PM residence times was also examined in terms of the operator's
exposure. PMjp and PM,s were monitored by placing carefully validated low-cost sensors, with
sufficiently high accuracies of 70.7% and 64.3% on PM;o and PM,s, respectively, by compared to
a reference instrument, in the kitchen areas of five student studio flats. Ranges and medians of mean
concentrations of PMyg and PM, 5 of four studied cooking methods ranked (range (median) (ug m™>))
deep-frying (62-236 (151); 6-37 (30)), stir-frying (17-176 (63); 2-38 (7)), boiling (6-41 (17); 2-11 (4)) and
steaming (7-23 (12); 2-7 (3)), respectively. The impact of using extractors on PM removal rates ranged
between 10.5% and 63.0%. Extractors were shown to accelerate the post-cooking pollutant decay,
which therefore resulted in shorter residence times. Personal exposure times also varied with cooking
method and operator gender. Indoor PM exposure is associated with PM concentration, cooking
duration and decay rate. Based on these results, cooking water-based dishes while operating extractors
would improve indoor air quality and reduce PM exposure.

Domestic cooking plays a critical role in releasing gaseous and particulate pollutants into indoor environments and the outdoor atmosphere. This study tested
and deployed low-cost sensors to assess the concentrations, emission rates and decays of particulate matter (PM) from cooking in student studio flats, and

examined the results from different cooking methods and the use of extractors. Oil-based methods were found to cause ca. six times the emission rates of water-
based cooking; extractors significantly increased removal rates and shortened PM residence times, particularly important in residential settings where kitchen

and living/sleeping spaces are closely linked; together with successful deployment of validated low-cost sensors, this work enables decision-makers and the
general public to improve indoor air quality experiences.

Introduction

In New Jersey, the concentrations of these contaminants indoor
were determined to be higher than those in the outdoor atmo-

Personal exposure to indoor air pollution plays one of the most
significant roles in threatening public health around the world.!
Various pollutants, such as particulate matter (PM), volatile
organic components (VOCs) and polycyclic aromatic hydrocar-
bons (PAHS) from the indoor air have received much attention.
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sphere.” In many countries people spend 80-90% of their time
indoors and the association between airborne particulate
matter and adverse effects on human health has been docu-
mented by numerous studies.*>* Huang et al.”> conducted a study
on non-smoking Chinese women, with the results demon-
strating that the risk of lung cancer had risen due to cooking.
This was due to the emissions of particles, especially ultrafine
particles which may cause respiratory ailments and damage to
the cardiovascular system, reproductive system, and blood
system by inhaling over a long time period.® In addition,
because of indoor exposure to smoke, Abdullahi et al” sug-
gested that more than one million people died annually from
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chronic obstructive pulmonary disease (COPD). Therefore,
indoor air quality has become a focus of public attention.®

The emissions of indoor air pollution originate from a wide
variety of sources. They differ between buildings and depend on
the fuels used for cooking and heating, as well as the personal
habits of smoking and use of various consumer products.”**
Emissions from combustion of e.g. mosquito-repellent incense,
candles and cooking all play critical roles in the formation of
indoor air pollution.”** A study by Abt et al.’® characterising
sources of indoor particles in houses in Boston, USA, found that
the concentrations of indoor particles were impacted signifi-
cantly by cooking activities, cleaning, and the movement of
people. Cooking, known as a considerable source of air pollu-
tion and emissions of odour, can emit micro-solid particles,
including reduced sulphur compounds (RSCs), aldehydes,
organic acids, VOCs and other gases.'>'” Key factors include the
choice of cooking oils, duration of cooking, fuel type, food
ingredients, cooking temperature, style of cooking and venti-
lation conditions.*®**

In order to gain a better understanding of the association
between cooking and particulate air pollution, the concentra-
tions of particle numbers and size distribution of particles
generated during cooking has been assessed in multiple
studies. It was found that particles produced by various cooking
methods contributed 12-20% to the overall ambient aerosols.*®
For instance, an 18 month study conducted by Wallace et al.** in
a house near Washington DC, USA, found that particle numbers
from frying reached 10'* after only 15 minutes of cooking with
over 90% of the particles in the ultrafine size range. A study
conducted by Liu et al.™ suggested that cooking was a signifi-
cant source of primary organic aerosols (POA) and a potential
source to form secondary organic aerosols (SOA); different types
of cooking oils were found to release varying amounts of organic
aerosols. As a common technique of cooking in numerous
cultures, frying with vegetable oils can produce a large quantity
of particles and organic gases.”**** Dennekamp et al.® demon-
strated that gas stoves generate high concentrations of parti-
cles, while electric rings and grills produce smaller amounts of
particles. Noticeably, due to coagulation effects for lower
diameter particles, concentration levels of fine particulate
(PM,_5) were found to drop with the increasing time of heating,
as the concentration of coarse particles (PM,,) increased.*
While irritations of upper airways were caused by PM;, and total
suspended particulates (TSP), fine particulate matter were
osmosing into bronchi where they might ultimately enter the
bloodstream.”® The most critical parameter impacting evapo-
rative emission rates was found to be temperature of cooking as
it increased particle emission rates."

A positive correlation between the emission of VOCs, which
is key for formation of particulate matter from heated cooking
oils, and frying temperature has been found.** During oil
heating, PM, 5 was released with a linkage to emission of heavy
metals and organic compounds.*”*® Additionally, in terms of
the raw material, food containing a high percentage of fat was
likely to produce a much higher amount of PM, 5 compared to
vegetables which contain less fat, with a ratio of peak mass
concentration to background concentration for fatty food and
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vegetables at approximately 40 and 8, respectively.”® Lu et al.®
conducted a study of PM, ;s emissions by six types of cooking
styles using gas as the fuel. Their results showed that emission
rates of PM, 5 decreased in the following order: deep-frying, stir-
frying, stewing, quick-frying, boiling and steaming. Also, See
and Balasubramanian®® assessed the exposure to indoor aero-
sols with the association with Chinese cooking methods on gas-
phase by controlled experiments in a domestic kitchen. Their
results found that the highest particles concentration was
produced by deep-frying, with 20 nm of the mode diameter
approximately. However, Zhao et al.'® observed that in Chinese
cooking, stir-frying and pan-frying caused a significantly higher
generation rate of PM, 5 than deep-frying, although it required
larger amounts of cooking oil and longer durations of cooking.
During the cooking process at a high temperature, it can
generate more than 300 reaction products, including fatty acids,
alkanes, alkene, aldehydes, ketones, alcohols, esters, aromatic
compounds, and heterocyclic compounds.** In order to manage
indoor air pollution, in addition to controlling the source of
emission, the removal of the pollutants also plays a significant
role.*> The use of an extractor directly influences the level of
PM, s and an extractor operating at higher air flow rates has
a more significant effect on reducing PM, s concentrations
during cooking.

The majority of previous studies on cooking emissions have
been conducted in places such as restaurants, canteens, labo-
ratories and residential kitchens.**?* Also, a large section of the
existing literature focusses on emission rates to the ambient air
which differs from the indoor environment investigated in the
present study.” To our knowledge, no previous studies have
focused on the cooking emissions within the confined area of
student studio accommodation, where young adults are
exposed to cooking emissions from its generation through to its
decay. In terms of the cooking methods, there are a wide variety
of cuisines around the world, associated with geographical
environments, cultural traditions, different climates, ethnic
customs and other factors. With the increasing number of
international students studying at UK universities, students
living in university accommodation generally cook for them-
selves with cuisines and cooking styles showcasing the features
from their hometowns. According to a survey conducted by Lu
et al.,® deep-frying, frying, stir-frying, boiling, stewing and
steaming are the most favoured cooking styles.

In the present study, measurements of cooking emissions
were carried out in five student studio flats. In such studio flats,
students from all over the world dwell together with no parti-
tioning between their private living areas and the kitchen; this
common set-up may cause a particularly long exposure to the air
pollutants produced by cooking activities. A low-cost sensor was
used to record these cooking emissions. The concentrations
and emission rates of PM, including PM;, and PM, 5, from
different cooking methods was assessed as well as the inter-
vention by using the kitchen extractor. The link between the
cooking emission concentrations and cooking duration was
also examined. The efficiency of the kitchen extractor and
residence time of the pollutants was also assessed. Based on the
results from the measurements, the personal exposure to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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indoor particles from the cooking emissions was determined to
estimate potential health impacts.

Experimental
Materials and methods

Study sites. Five kitchens within student studio flats near the
University of Birmingham, Birmingham, UK, were chosen for
the trials to ensure the sampling sites were under similar
meteorological and outdoor air quality conditions, which will
influence the indoor concentration of pollutants through air
ventilation and penetration processes; the volumes of the flats
were of 35.84 m?, 42.56 m?, 42.84 m?, 46.76 m® and 50.96 m®,
and their locations are illustrated in Fig. S1.f The sampling
points were at 1.6 m height, i.e. where people breathe, since the
respiratory area was the location of interest. All the hearths were
ceramic electric hobs at a height of 900 mm, and they were well-
cleaned before the study. In each kitchen, there was the same
extractor fan (model Cookology CH600SS extractor fan with
a width of 600 mm, depth of 475 mm and height of 800 mm; it
had three air flow settings: mode 1: 150 m® h™'; mode 2: 300 m*
h™; mode 3: 450 m® h™") located at a distance of 650 mm above
the hob.

Sampling instrument. The Flow2, a low-cost air quality
sensor (ca. £140 in 2021; see Fig. S21) designed and produced by
Plume Labs, was used for data collection. It tracks and records
air pollutants including nitrogen dioxide (NO,), VOCs and PM
in its immediate surroundings in one-minute intervals (we only
used PM data for the present study). PM is blown into the sensor
by an in-built fan and monitored using a laser beam. Every time
a particle is hit by the laser, the light is dispersed, which is then
detected by a photovoltaic cell that transforms the deflected
laser beam into an electrical current that is measured. An
automatic calibration happens every time when the sensor and
the app on personal devices synchronise over Bluetooth in the
background by artificial intelligence (AI). The Flow2 devices
were tested at the Plume Labs' Paris headquarters in 2019,
where an AeroTrak 9306 Handheld Particle Counter was used as
the reference to assess the accuracy of the PM measurement
reporting highly correlated results with average correlations for
PM;, PM, s and PM;, of 92.8%, 92.2% and 88.2%, respectively.*®
Research conducted in 2022 examined 34 Flow sensors in
comparison to a Plantower A003 reference at John Hopkins
University with R values reported for PM, s and PM;, of 76%
and 73%, respectively.*

To confirm the accuracy of the Flow2 measurements for our
work, two Flow2 sensors were placed in an office in the
Biosciences building at the University of Birmingham with co-
location of the reference instrument Fidas® 200 (Palas
GmbH), a continuous ambient air quality monitoring system, to
assess the inter-Flow2 variation. In line with similar
research,?”*® the coefficient of variation (CV), which determines
the variation among the sensors, the relative precision errors
(RPE), which is averaged to indicate the precision of the sensors,
and the accuracy (Acc) by comparisons between Flow2 and
Fidas® 200 were calculated and linear regressions (using SPSS;
IBM version 28) were chosen to yield the R* correlation between

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Atmospheres

the two Flow2 sensors and between each Flow2 sensor and the
Fidas® 200 reference instrument (see ESI, Text S3, eqn (S1)—(S3)
for detailst). The results of averaged CV of PM, s and PM,,
concentrations between the two Flow2 sensors were 12.3% and
15.0%, respectively, and the overall RPE were 17.4% and 21.2%,
which demonstrated high precisions between Flow2 sensors. In
addition, the overall accuracies of Flow2 sensors by compared
to the Fidas® 200 for PM, 5 and PM,, were 70.7% and 64.3%,
respectively. The averaged values of R*> for linear regressions
between Flow2 sensors and Fidas® 200 for PM, 5 and PM,, were
89.5% and 73.4%, respectively (compare Table 1). The moder-
ately high values of the accuracy and coefficient of determina-
tions illustrate suitable performance in terms of reliability for
using the Flow2 sensors for further utilisation on indoor air
quality assessment focussing on PM, 5 and PM;, (it should be
noted that we have not tested any of the other pollutants Flow2
attempts to measure).

Sampling strategy. For measuring PM concentrations, the
sampling points were set next to the hearth with a distance of
300 =+ 50 mm horizontally from the hobs and above the kitchen
countertops at a height of 1600 + 50 mm (see in Fig. 1) which is
the nose height for the average stature of humans around the
world.* The horizontal distance between the hob and the Flow2
was chosen to avoid immediate emissions of oil drops and the
vertically ascending fumes extracted by the cooker hoods, which
may cause damage to the sensor or block the air inlets. The
sensors were placed at least 100 mm away from the wall and
other surfaces to allow air to circulate freely. In each study
kitchen, one calibrated and tested sensor was used. The
research for studying the correlations between the concentra-
tion of PM and the cooking durations and cooking methods,
and the emission rates of different cooking methods lasted ten
days in the five kitchens (10™ to 20™ May 2021). The typical
examples of cooking processes to study the relationships
between PM concentrations and the usage of kitchen extractors
were collected during June 2021 in the kitchen of one of the
studied student studio flats.

The Flow2 was set up at least 10 days before the data
collection period and synchronised to the apps on personal
devices at least once a day for auto-calibration by the AI. During
the period for measurements of the PM concentrations, the use
of aerosol sprays, laser printers, cleaning and combustion
processes such as burning candles and smoking cigarettes, as
well as the use of e-cigarettes were prohibited in the kitchens, as
these activities may impact on the PM concentration.* Before
cooking, the hobs and the bottom of the pots were well-cleaned
to minimise the influences of the residua on the hearth and pot,
which could potentially release additional PM and VOCs while

Table 1 Correlation coefficients (R%) for the results of PM concen-
trations from the two Flow2 sensors (Flow2, and Flow2g) and the
Fidas® 200 (Fidas), the reference instrument

Flow2, vs. Flow2g Flow2, vs. Fidas Flow2g vs. Fidas

PM;,
PM, 5

0.936 (p < 0.001)
0.836 (p < 0.001)

0.771 (p < 0.001)
0.873 (p < 0.001)

0.697 (p < 0.001)
0.908 (p < 0.001)
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Fig.1 Schematic layout and location of sampling point in the studied
kitchens.

cooking. When cooking, the windows were suggested to be
closed or only opened at a small acute angle (~30°) to minimise
the direct wind impacts on the air flow in the room. Due to the
restrictions in place at the time as a result of the COVID-19
pandemic, we confirm that the distribution and collection of
the sensors followed the full guidance from the UK government
at the time.

Cooking activities recording. To evaluate the relationships
between PM concentrations, cooking duration and cooking
methods, a survey (see Fig. S31) was designed and distributed
with the sensor to the volunteers to record their cooking activity
during the period of assessment. The volunteers were asked to
note their cooking methods and the duration of each cooking
activity, and whether the kitchen exactors were used or not.
Cooking durations were counted from the timepoint when the
pot with oil/water started to be heated to the timepoint when
cooking finished. Every time when the cooking activity was
carried out with the extractor on, the volunteers were asked to
use mode 3 (450 m® h™") for air ventilation. The methods of
deep-frying, stir-frying, boiling and steaming were chosen to be
assessed due to their regular usage by the international
students.®"” In total, there were 113 recorded cooking activities,
with 97 of them being accepted for further analysis, including
12, 32, 39 and 14 times for deep-frying, stir-frying, boiling and
steaming, respectively. Fig. S41 presents the results from the
surveys including the percentages of each cooking method and
the number of dishes in each cooking activity by the volunteers
during the study period.

Four groups of typical cooking examples made by the four
cooking methods were chosen. In each group, the same dishes
were made twice: once with the extractor on and the other with
the extractor off. The dishes in each group were cooked with the
same food (chicken thighs of the same weight (100 g)), dura-
tions and processes at a similar background air pollution level
to ensure they were under as similar conditions as possible. The
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major ingredient was selected to be chicken to minimise the
potential impact of differences in fat proportion of the meats.
For the deep-frying and stir-frying, which were oil-based,
grapeseed oil was used. The chosen dishes were deep-fried
chicken, stir-fried chicken, chicken soup and steamed
chicken, which represented deep-frying, stir-frying, boiling and
steaming, respectively. Detailed recipes of the four cooking
examples were provided in S2.1

Emission rate assessment

Emission rate of particulate matter. Emission rates were
calculated to determine the amount of pollutant emission over
a given time period. It was assumed that the air in the kitchen
was well mixed, and the ambient concentration was steady.
Then, the PM emission rates of the cooking processes were
calculated by using a material-balance approach, which was
stated as following eqn (1):

dc‘gi’;’(l) = aPCoy — ACinp(t) + S—Vp (1)
where Ciy, p(t) is the real-time indoor concentration (ug m™*) of
particulate matter at the surveying time ¢, a is the air change
rate (min~'), P is the penetration factor of outdoor particles
which access into the indoor space through the building shell,
Cout is the concentration (ug m ) of particulate matter outdoor,
A is the total removal rate (min~") as a result of coagulation,
deposition and air change rate in the kitchen, S, is the emission
rate (ug min ") of particulate matter, and Vis the volume (m?®) of
the kitchen.***!

At the start time ¢,, the particle concentration is determined
as Cin,p(to)- This is because the concentration of indoor particles
before measurement tended to be at steady-state (i.e. Ci p(to) =
aPC,/2) as there would be no other activities before cooking for
a period of at least 10 min. Thus, the expression of indoor PM
concentration during periods of emissions for eqn (1) corre-
sponds to:

S,
e + Cuplto) + -2 (2)

S
Cin.p(t) =—-2 bV

v
where At is the cooking duration, which equals to (¢ — ¢,).*° To
calculate the emission rates S, of PM, the expression can be
rewritten as:

Cinp(1) = Cinp(t0)

Sy = LSy (3)

As the kitchen extractors were off, and the windows and
doors were closed or opened with only a small angle, it resulted
in a small value of air change rate a, which improves the fitting
accuracy for emission rate S,.*> The value of air change rate
a was assumed to be 0.075 min~" in line with a previous study
under similar conditions.” The total removal rate A was iden-
tified by the measurement of particle concentration decay after
the cooking finished, which could be briefly described by fitting
the time series of total particle concentrations between the peak
and the end of each cooking process into a natural exponential
decay curve by using:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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C,=Cpe ™ (4)

where Cj, is the PM concentration (ug m ) at peak time, and C,
is the PM concentration (ug m>) at time ¢ (min) after the
measured peak concentration.**** The emission rate S, was
obtained by nonlinear fitting of the increase of indoor particle
concentrations based on the real-time concentration Cj, p(to),
result of air change rate g, the total removal rate 4, and the
volume of the kitchens, V.***

Removal performance of the kitchen extractors. The kitchen
extractors were run during the period of cooking for most cases
in real-life scenarios. In order to determine the removal effect of
kitchen extractors on the air pollutants generated by cooking,
the emission rates of air pollutants with the extractor hoods on
would be assessed as well. Again, it was assumed that the air
was well-mixed with steady ambient concentration of air
pollutants. The equation of mass balance for PM with the
kitchen extractors on can be expressed as:

dCin‘p(t) _ ch
dr Vv

S - chcin‘ (t)
% (5)

PCoul - (A - a) Cin,p(t) +

where Q., is the exhaust air volume rate (7.5 m® min™") of the
kitchen extractors, Shooq,p iS the emission rate (ug min ") of
particulate matter when the kitchen extractors are on.* Then,
Shood,ps the surveyed emission rate of particulate matter with the
kitchen extractors on is:

Shood,p = Sp - QexCin,p(t) (6)

The calculated emission rate of PM with kitchen extractors
0N, Shood,p, is affected by the PM concentration in the exhausted
air, which varies over time. To make comparisons between this
and the emission rates of the pollutants generated from cook-
ing, Sp,, the emission rate of PM with the extractors on, Shood,p, 18
estimated as a constant from the solution of the concentration
of indoor PM for eqn (1):

AQex Shood. —a
Cinp(t) = | Ginp(to) — mcbulance — m g (Ao
AQex Shood,p
+ ll(/.\ — a) Vcbalance + ()\ — (l) %
7)

and the calculation of emission rates Shood,p 0f PM with kitchen
extractors on could be rewritten as:

(Cin,p(t) - Cintp(lo) e%)‘—a)m) (A - a) 4 AQex
| — e-U—ahr T4

C
Cbalance

(8)

Shood.p =

Therefore, the removal efficiency of the kitchen extractors
can be expressed as:

“;"d) x 100% (9)

n::(l— >

where Shooq iS the emission rate surveyed with the kitchen
extractors on, and S is the emission rate of the cooking-
generated air pollutants with the extractors off. The windows

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and doors were closed or open only with a small acute angle to
minimise the influence of outdoor ambient air and ensure the
air was well mixed indoors.*

Personal exposure assessment for estimation of health
effects. Particulate matter plays a critical role in endangering
the respiratory and cardiovascular systems directly. The impacts
of cooking activities on human health could be reflected and
explained by personal exposure assessments of particulate
matter in the respiratory zone for people in the student
accommodation. Based on the results from the surveys
recording cooking activities from the volunteers, eqn (10)-(12)
were used to obtain the annual PM inhalation exposures as
follows:***

Caverage = ZCI/N (10)
where Cyyerage Tepresented the average concentration (ug m’3)
of PM from the surveyed cooking processes, C; was the average
concentration (ug m~*) of PM per dish, and N was the number
of dishes.
(11)

N
te:Z(tl—to)/NxNxfc
i=1
where ¢, represented the exposure time (min) per day, ¢; and ¢,
represented the timepoints of starting and ending of each
cooking activity, N represented the average number of dishes
per cooking activity, f. represented the averaged frequency of
cooking activities per day.

Dot = Caverage X IR X t. x EF (12)
where D, was the annual PM intake (ug per year), IR was
shorted for inhalation rate, and EF was the exposure frequency.®
According to Wang and Duan,*® the average inhalation rates of
male and female people aged between 18-40 years old with
moderate activities were 0.66 m®* h™* and 0.59 m® h™?, respec-
tively, due to the physical differences. The exposure frequency
was assumed to be 300 day per year.

Results and discussion
PM emissions from different cooking methods

The ranges and medians of mean concentrations of PM;, and
PM, ;5 generated by the four cooking methods deep-frying, stir-
frying, boiling and steaming under conditions of both kitchen
extractors on and off in the five study kitchens are displayed in
order from high to low emission in Tables 2 and 3. The
minimum concentrations for PM;, and PM, s, ie., the back-
ground pollution levels were 3.0 pg m > and 2.0 pg m 3,
respectively. The maximum concentrations of PM;, and PM, 5
peaked at 2111.5 ug m~> and 57.4 ug m~>, respectively, during
deep-frying. Statistically significant differences in the mean
concentrations of PM;, and PM, 5 between different cooking
methods were found (p < 0.001). The average concentrations of
PM,, and PM,; in the direct respiratory zone during the
cooking process were 48.7 and 9.4 pg m™ >, respectively. This
indicated that the average levels of the cooking emissions were
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Table 2 Ranges and median of PM;g and PM, 5 mean concentrations
(C, ng m~3) and duration (min) of cooking activities of each cooking
method (range (median))

Cpm,, Cpm,, Duration
Deep-frying 62-236 (151) 6-37 (30) 7-49 (16)
Stir-frying 17-176 (63) 2-38 (7) 10-61 (23)
Boiling 6-41 (17) 2-11 (4) 9-172 (17.5)
Steaming 7-23 (12) 2-7 (3) 7-65 (21)
Total 6-236 (30) 2-38 (5) —

“The column of duration indicated the range of time taken for each
dish by each cooking method, so the row of total would not
determine any useful value. According to the survey, the average
cooking duration per day was 49.4 minutes.

Table 3 Ranges and medians of mean concentrations of PM;o and
PM, 5 of cooking activities of each cooking method with or without the
extractors on (range (median)) (ug m~3)

Extractors off Extractors on

CPMlI\ CPMZ.S CPMlO CPM’Z.S
Deep-frying  91-236 (190)  22-35 (27)  62-216 (146)  10-37 (34)
Stir-frying ~ 52-176 (67)  5-38 (12)  17-129 (54)  2-22 (6)
Boiling 9-41 (17) 2-9 (4) 6-35 (12) 2-11 (4)
Steaming 7-23 (12) 2-7 (4) 7-14 (11) 2-4 (3)

around or below the WHO air quality guideline values for PM;,
and PM, 5 for the 24 hour mean (45 and 15 pg m >, respec-
tively).¥” However, the average values of PM included boiling
and steaming, which emitted particles at very low levels and
lasted longer. The concentrations of PM;, emitted from deep-
frying and stir-frying exceeded the PM;, level recommended
by the UK Department for Environment Food & Rural Affairs,*
with the standards of annual mean PM,, and PM, 5 at 40 ug m~®
and 25 pug m™>, respectively. Approximately 73% of cooking
activities in the studied flats recorded peaks in PM;, concen-
trations higher than the standard, and 67% of them lasted for
more than 10 minutes. Even though the average PM, ;
concentrations did not go beyond the standard, 45% of the
surveyed cooking activities recorded peaks above 25 ug m 7,
with 28% lasting for more than 10 minutes. Noticeably, the
mass concentrations of both PM;, and PM, 5 from deep-frying
and stir-frying were greater than those from boiling and
steaming. The fact that cooking periods and dishes cooked
varied introduced significant uncertainties. Thus, ranges and
medians were used to present the concentrations and emission
rates of the cooking activities.

Several studies have demonstrated that compared to low-fat
foods, high-fat foods generate more particulate matter during
the process of cooking, and oil-based cooking methods,
including deep-frying, stir-frying, pan-frying and grilling emit
more particles, especially fine particles, than cooking methods
that are water-based, including boiling, stewing and
steaming.****-* This is likely due to the enhanced oil and food
pyrolysis caused by the high temperature, which results in
much higher particle emissions from pan-, deep- and stir-frying
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than those of boiling and steaming.' According to To and
Yeung,* by combining the deep-, stir- and pan-frying and the
other methods of cooking, the number concentration of PM;,
rose to up to 3.9 x 10’ cm >, while PM, 5 concentrations were
discovered to be elevated 90 times higher than the background
levels during the cooking process of grilling and frying.** The
cooking process of stir-frying was observed to generate the
highest concentration of PM,, with a peak at 1300 pug m >,
followed by pan- and deep-frying in domestic kitchens.*> See
and Balasubramanian® conducted experiments by cooking
150 g of tofu via steaming, boiling, stir-frying, pan-frying and
deep-frying. The results determined that the largest mass of
PM, s was generated by deep-frying, followed by stir-frying,
boiling and steaming, with average concentrations of PM, 5 at
190, 120, 81 and 66 ug m ™, respectively. This is consistent with
the order of the emission rank of PM, 5 in the present study, but
the value of PM, 5 concentrations were 8 to 13 times higher in
the study by See and Balasubramanian® than the results from
our study. Similar experiments were conducted by Wu et al.>*
with 200 g of bean curd cooked with these same cooking
methods. It was found that the most ultra-fine particles (UFPs)
were emitted by stir-frying, followed by pan-frying, boiling and
steaming, and their particle number emission rates were 1483
x 10", 1044 x 10'°, 53 x 10" and 47 x 10 min~ ", respectively,
i.e. the emission rate of UFPs from stir-frying was more than 22
times higher than those from boiling and steaming. In the
present study, the emission rates of PM, 5 from stir-frying was
the highest, followed by deep-frying, boiling and steaming. The
average PM, s emission rate of stir-frying was approximately
three times greater than that of boiling and steaming. The
maximum concentrations and emission rates of boiling (0.47 x
10° # cm%; 0.888 x 10" # s7') and steaming (0.36 x 10° #
em > 0.783 x 10" # s~) were found to be similar, which could
be interpreted by a slower growth in the concentrations of UFPs,
as the residual oil and food attached to the pot and hob were
heated as well, which could undergo pyrolysis.*® The results of
PM mass concentrations corresponding to the methods of
cooking, heating sources and the use of extractors are displayed
in Table 4 also in comparison with other studies.

Emission rates of PM;, and PM, 5 from different cooking
methods with and without the extractors in the five study
kitchens on are displayed in Table 5. While we found the same
order for the PM;, emission rates in terms of cooking methods
as for the concentrations of PM;, (see Table 2), for PM, 5, the
highest median emission rate was produced by stir-frying with
the median PM, 5 emission rate of deep-frying only being the
second highest. The highest emission rates of both PM;, and
PM, 5 at a single timepoint were found to be generated by deep-
frying with values of 7586 pug min ' and 1229 pg min ',
respectively. Emission rates of PM from cooking are impacted
by the type of appliance used, the condition of cooking,
temperatures and the fat content of the ingredients.®® Our
results in Table 5 showed that deep-frying and stir-frying had
much higher emission rates than boiling and steaming, in line
with several previous studies; larger particle production is
caused by cooking with oil as opposed to water.>**** Additionally,
the type of ingredients used affects emission rates due to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Mass concentrations of particulate matter influenced by cooking methods, heating sources and use of extractors

Average mass
concentration (pug m™>)

Range hood

Cooking method Heating source mode PM;, PM, 5 Reference
Boiling Gas stove Off 241.6 Zhao et al.>*
Pan-fry 214.1
Stir-fry 287.5
Boiling 252.3
Boiling Gas stove On 105.3 81.1 Lee et al.*!
Steaming 33.9 28.7
Deep-fry Electric hob On 230.9 Zhang et al.®
Stir-fry Gas stove On 281 Wong et al.>
Stir-fry Electric hob 155
Mix Gas stove 30.3 24.5 Pan et al.>®
Mix 74.9 56.9
Mix Gas stove On 75.9 Wan et al.>°
Mixed Gas stove 312.4 See and Balasubramanian®’
Pan-fry Gas stove On 1020 To and Yeung™
Pan-fry Electric hob 520
Stir-fry Gas stove 1330
Stir-fry Induction hob 1030
Deep-fry Gas stove 4720
Deep-fry Induction hob 3980
Boiling (stew) Electric hob 117 26.1 Embiale et al.>’

Charcoal 179 50.2

Kerosene 124 31.4
Deep-fry Electric stove On 154.3 21.8 Current study
Stir-fry 68.7 11.5
Boiling 20.5 6.2
Steaming 13.9 5.0

Table 5 Ranges and medians of mean PM;q and PM, 5 emission rates
(ER, ng min~Y) of cooking activities of each cooking method with or
without extractors on (range (median))

Extractor off Extractor on

ERPM", ERPMZH,, ERPMm ERPMZ'S
Deep-frying  636-1015 (921) 16-83 (50) 86-913 (535)  17-221 (58)
Stirfrying  303-1720 (546) 18-399 (54) 39-1163 (268) 4-64 (17)
Boiling 39-420 (124)  2-54 (16)  37-139 (119) 6-28 (16)
Steaming  30-109 (72) 4-32 (13)  41-98 (64) 8-15 (14)

percentage of fat contained: food with a high proportion of fat
tends to result in higher emission rates than ingredients with
low fat proportions.* In terms of the processes of oil heating,
the emission rates varied considerably as well. It was reported
that the range of emission rates of PM,, was between 0.67 and
2.33 mg s~ !, while the range of PM, 5 emission rates varied from
0.06 to 1.46 mg s~ 1.2%%

The effects of air quality intervention using kitchen extractors

According to Khalid and Foulds® from the UK Energy Research
Centre, approximately 60% of the UK residential and commer-
cial kitchens prefer to use natural gas for cooking. Previous
research has shown that natural ventilation may not be able to
provide a sufficiently high air exchange rate to move indoor
aerosol particles outdoors.** In Table 5, PM emission rates with

© 2023 The Author(s). Published by the Royal Society of Chemistry

and without the extractors are displayed. Significant effects (at
99.9% confidence level) from the use of extractors were
observed for the emission rates of PM;, from deep-frying and
stir-frying. The extractors worked well, with removal efficiencies
for PM;, and PM, 5 of 21.9% to 53.5% and 10.5% to 63.0%,
respectively (see Fig. S5t). The highest removal efficiencies for
both PM,, and PM, 5 were found for stir-frying, followed by
deep-frying and steaming. The average removal efficiency of
PM,, from oil-based cooking methods in the present work was
51.9%, which was similar to the results from Kang et al.® at
45.2% (see Table 6). The removal efficiency of PM, 5 from stir-
frying in our study was 10.5%, which was much lower than
from deep-frying (63.0%), which fitted well with results from Xu
and Huang.® Even though the water-based cooking methods
did not contribute large PM emission rates compared with oil-
based cooking methods, the extractors still performed with
high efficiencies on clearing particles at the average values of
26.4% and 29.1% on PM;, and PM, s, respectively.

PM emissions of the four typical cooking methods with the
extractor on and off are displayed in Fig. 2. Each cooking
episode is divided into four stages: (i) is the background testing,
(ii) is heating of the pot or pan and the oil or water, (iii) repre-
sents the main cooking processes and (iv) is the post-cooking
decay after the end of the entire cooking process. The average
background concentrations of PM;, and PM, 5 for all examined
cooking episodes were 4.6 + 1.8 ug m ™ * and 2.3 + 1.7 pg m >,
respectively. For deep-frying, with no kitchen extractor, the PM
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Table 6 Results of particulate matter removal efficiencies from previous related studies
Total removal
rate (min~") Removal efficiency
Cooking Volume of Range hoods exhaust Air exchange rate
method room (m?) air volume rate (m® min™")  (min " PM,, PM,s; PMy, PM, 5 Reference
Mixed Average 256.57 N/A 0.077 0.0941 0.079 45.24% 49.68% Kang et al.®®
Mixed 10.88 15 0.36 58% Chen et al.*®
Stir-fry N/A 59.61% Xu and Huang®®
Stir-fry 14.29%
Deep-fry Average 43.70 7.5 Average 0.075 0.069 0.080  53.53%  62.96% This study
Off 0.066 0.079
Stir-fry 7.5 0.128 0.092 50.25% 10.54%%
Off 0.123 0.079
Boiling 7.5 0.172 0.161 21.90% 14.12%
Off 0.151 0.143
Steaming 7.5 0.192 0.140 30.94% 44.04%
Off 0.180 0.068

concentrations rose steadily while heating the oil, and PM, ;5
(79.0 ng m~?) peaked when the chicken was put in with the oil at
a high temperature, while PM;, peaked two minutes later than
PM, 5 with the concentration at 274.7 ug m~> which was 91.5
times above background concentrations. A similar trend was
found with the extractor on with higher concentration peaks for
PM, 5 (81.5 ug m*) and PMy, (338.8 pg m~*). When the deep-
frying finished, the concentrations of PM;, with extractor fans
on and off were 149.4 ug m > and 254.5 pug m >, respectively. In
terms of stir-frying, the PM, s concentrations under both
conditions peaked (extractor on: 62.4 pg m™; off: 73.4 pg m3)
at the second minute when the chicken was placed into the pan.
When the extractor was on, PMj, concentration (257.4 pug m™*)
peaked one minute later than the peak of PM, 5. However, with
the extractor off, there was an initial PM;, peak (268.4 pg m ™)
at the same time as the PM, 5 peak, with the highest PM;, peak
(287.7 ug m™>) occurring three minutes later. Under both
conditions, PM;, and PM, 5 concentrations waned after their
peak. Not all periods of post-cooking decay were recorded until
the concentrations fully descended back to background levels.
When the kitchen extractors were working, both average and
peak concentrations of PM,, and PM, 5 were significantly lower
than those with the extractors off.

For PM,,, there were second peaks appearing after a first
peak with intervals of 1 to 3 minutes. This could be due to
coagulation of UFPs and gaseous pollutants such as VOCs
forming secondary organic aerosol (SOA). With the constant
emissions of primary organic aerosol (POA), these SOA may
cause increasing particle numbers, even though the decay and
removal occurred simultaneously. After the second peak, the
trend of PM concentrations either remained at relatively low
levels or started to decrease steadily. When intervening with the
extractors, the slopes of the decays were much steeper, which
revealed a swifter decay and removal of the particles indoors,
even if it was still within the cooking processes. This suggests
that it may not be sufficient to rely on uncontrolled natural
ventilation for the removal of the particles. A relatively stable
supply of air via an open kitchen door, fresh air systems and

544 | Environ. Sci.: Atmos., 2023, 3, 537-551

kitchen extractors could work much more effectively together to
reduce the particles in the breathing zone, rather than only
opening the kitchen window.”**° In addition to the volume flow
rate of the extractors and air exchange rates, there are other
factors, such as the volume of the kitchen and the total removal
rates, including the decay rate, that should be taken into
account. The summary of comparisons of our work to other
studies regarding the efficiencies of extractors operation is
presented in Table 6.

PM residence times with extractors on and off. Residence
time of the PM generated by cooking was counted from the time
of the end of each cooking activity until the concentration of PM
returned to the background level. Deep-frying and stir-frying
could emit PM;, in high quantities, after which the PM
concentrations decreased to below the limit given by the World
Health Organization (24 hour mean PM,q: 45 pg m >);* the
time taken for PM concentrations to return to a safe level was
also measured.

Table 7 presents the durations of post-cooking decay for each
cooking method and the time taken for PM;, to decease to the
WHO limit. With the extractor on, the mean duration for PM;,
and PM, 5 generated by deep-frying and stir-frying to return to
the background level was significantly shorter (PM;q: 27.1-
38.8%, PM, 5: 26.5-29.3%) than with the extractors off, with
confidence levels at 99.9%. For boiling and steaming, the use of
extractors also sped up (by 32.0% to 40.5%) the reduction of
PM,, significantly at 99% confidence levels. However, no
significant effects of extractors on the removal of PM, 5 during
post-cooking decay were found, although the average durations
were shortened. In terms of the reductions of PM;, to the rec-
ommended WHO limit, when the extractors were off, it took
approximately a third of the entire duration of PM,, post-
cooking decay to reduce PM;, concentrations lower than 50
ug m~? for both emissions by deep-frying and stir-frying. It was
significantly (by 47.1% to 75.5%) faster to reduce PM;, emitted
by deep-frying and stir-frying below the WHO level of health
concern by using the kitchen extractor at a 99.9% confidence
level.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Particulate matter emissions during the cooking process of four cooking episode. (A) Deep-fry chicken, (B) stir-fry chicken, (C) chicken
soup and (D) steaming chicken, with extractors (upper image) on and (lower image) off. Four stages o